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Chapter 1
Introduction

Abstract
One solution towards reducing conventional energy sources and increasing world energy
consumption is making use of sustainable resources. A very ‘bright’ option is the sun and its
impressive amount of power. This free energy is being harnessed for a long time by means of
photovoltaic cells that convert solar energy into electricity. However, the intermittency of solar
energy supply and demand make it necessary to store solar energy effectively. One way is
conversion of solar energy into chemical energy and trapping the dense energy in the bonds of
molecular fuels. Among various options, hydrogen is a strong candidate that can be used as a
solar fuel, not only because it can be produced simply by water splitting but also when
consumed, its only waste is water. In this respect, one can dream of a device that converts
water into hydrogen and oxygen with sunlight as the only input energy. Photoelectrochemical
(PEC) water splitting devices in fact already exist since a couple of decades, mainly involving
inorganic semiconductors for light absorption. Polymer solar cells on the other hand are
emerging as an alternative technology to harvest solar energy in a cheaper and more flexible
perspective. Their applicability for various constructions such as a multiple junction device
configuration makes them suitable for photoelectrochemical water splitting purposes as well.
To be able to integrate a polymer solar cell and an electrolysis cell, first both systems are
explained from basics to their limitations. Next, the challenges and possible solutions related to
a PEC water splitting device are pointed out in order to be addressed later when realizing an
‘organic artificial leaf’.
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1.1 Solar energy
The growth of world energy consumption makes the use of renewable resources inevitable and
it is the sun itself that enlightens the way towards a sustainable future. The enormous amount
of solar power reaching the earth’s surface is able to fulfill the energy requirement of
thousands of worlds at the same time. As there is only one world that mankind is responsible
for, the sun is a very attractive source of energy that can be utilized to compensate for the
world’s consumption. Due to the intermittency of the demand and supply of solar power,
storage of solar energy is essential. In terms of energy density, solar energy can be very
effectively captured in chemical bonds of molecular fuels. There are various methods for
conversion of solar energy into fuels, mainly based on splitting of water into hydrogen (H2)
and oxygen (O2).1 Nature is already performing this conversion by photosynthesis. Energy
from sunlight is utilized to form a sugar molecule (C6H12O6) by splitting of water (H2O) and
reduction of carbon dioxide (CO2). In a similar manner, not only carbohydrates, but also
carbon monoxide (CO),2,3 methanol (CH3OH)4 or methane (CH4) can be produced as a solar
fuel by reduction of carbon dioxide combined with water splitting. Another well-established
solar fuel is H2 produced by water splitting with solar power. For this purpose the two major
paths are thermochemical water splitting, where heat from the sunlight is used for water
splitting with chemicals at elevated temperatures, and photoelectrochemical water splitting,
where solar energy is converted into electricity, which is then used for electrolysis.
Among various routes of solar fuel generation, H 2 production by photoelectrochemical (PEC)
water splitting is investigated in this thesis. Multiple junction polymer solar cells are used for
the conversion of solar energy into electricity in combination with precious or earth-abundant
hydrogen and oxygen evolution catalysts in order to create ‘organic artificial leaves’. The
integration of polymer solar cells and electrolysis cells is explored, next to the design and
efficiency limits of solar hydrogen production by a stand-alone device.

1.2 Solar cells
One of the most effective methods of harnessing the solar energy is by converting it directly
into electricity either to utilize immediately or to store it for later use. This so-called
photovoltaic conversion was first demonstrated by Becquerel in 1839. 5 A long time later, in
1954, Chapin et al. have developed the first example of silicon solar cells that convert solar
energy into electricity with an efficiency of 6%.6 Over the past 60 years, the development in
photovoltaic (PV) technology has been rather fast and efficiencies up to 25.6% have been
reached with crystalline silicon (c-Si) solar cells.7
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Even though crystalline silicon solar cells can reach high efficiencies, they are fabricated from
thick (>200 μm) and high purity crystalline silicon wafers, which increases the production costs
for high efficiency silicon solar cells. Consequently, the search for less expensive approaches
has led to the development of thin film technologies. With thin film solar cells, most of the
light is absorbed by layers of several micrometers while efficiencies comparable to c-Si solar
cells can be reached. Some important types in this category are amorphous silicon (a-Si),
copper indium gallium diselenide (CIGS), cadmium telluride (CdTe), and gallium arsenide
(GaAs) solar cells. The highest efficiencies of these thin film solar cells are nowadays 10.2%,
20.5%, 21.0% and 28.8% respectively.7 In fact, with the approach of stacking multiple absorber
layers for a broader absorption in the solar spectrum, solar cell efficiencies can go as high as
37.9%.7
Another category of photovoltaics involves the use of organic material for solar cell
applications. Early breakthroughs in this field include the first demonstration of an organic
photovoltaic cell in 1986, fabricated by Tang with copper phthalocyanine and a perylene
tetracarboxylic derivative giving an efficiency of about 1%. 8 Later, in 1991, O'Regan and
Grätzel introduced dye-sensitized solar cells where titanium dioxide particles coated with a
ruthenium-bipyridine dye operating in a liquid electrolyte give efficiencies already above 7%. 9
Nowadays, efficiencies for dye-sensitized solar cells reach up to 11.9%.7 π-conjugated
polymers, on the other hand, attracted significant attention for solar cell applications since
1977, when Shirakawa, MacDiarmid and Heeger have discovered the dramatic increase in
electrical conductivity of polyacetylene after doping with iodine.10,11 π-conjugated polymers
obtain semiconducting properties due to the alternating single and double bonds in their
chemical structures. Such that it becomes possible for these polymers to absorb light and
conduct charges. Owing to these properties, π-conjugated polymers can replace the inorganic
semiconductors in solar cells. Further use of these materials in electronic applications include
organic light emitting diodes (OLED),12 organic field-effect transistors (OFET),13 and organic
photodetectors (OPD).14 Two important advantages of π-conjugated polymers are their high
absorption coefficients and availability for solution processing. Due to high absorption
coefficient, a significant portion of light can be absorbed by very thin layers of around 100 nm.
The availability for solution processing makes these materials ready for fast roll to roll
production on flexible substrates.15 Production of solar cells with little amount of material on
roll to roll basis serves for lower production costs for this type of solar cells. Polymer solar
cells nowadays reach efficiencies above 10% 16,17 with highest reported efficiency of 11.8%18 for
a solar cell that consists of three different absorber layers for optimized absorption. Recently,
perovskite solar cell technology has also emerged and showed a very fast development. These
solar cells are composed of a mixture of organic and inorganic material in a perovskite
structure with efficiencies already reaching 20.1%.7
3
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1.3 Solar fuels
Solar power is intermittent and dependent on daily variations of the weather or the climate.
Moreover, it is not always abundant in regions where the demand is high. Therefore, effective
consumption of solar energy either relies on the battery technology, or new ways of storing
and transporting solar energy should be explored. Energy can be densely stored in chemical
bonds of molecular fuels, which also provides a medium for transport of stored energy. A fuel
that can store energy, in principle should be a material that releases its energy by oxidation
when combined with oxygen.19 Furthermore, the fuel should be produced from an abundant,
easily accessible and non-toxic material. Possible candidates that can meet these requirements
are carbon based fuels such as methane (CH4), methanol (CH3OH) or carbon monoxide (CO),
all of which can be produced from carbon dioxide (CO 2). One important advantage of these
fuels is that their production requires the consumption of carbon dioxide which is a significant
greenhouse gas. However, conversion of CO2 in any of these materials has a complicated route
due to the requirement of multiple charge transfer processes. Furthermore, as the atmospheric
CO2 level is not sufficient for efficient conversion, concentrated supply of feedstock is
necessary.20 Another strong alternative for solar fuels is hydrogen (H2) that can be generated
from water (H2O) through water splitting. Given that water is a very abundant material and the
water splitting reaction is less complex in comparison to reduction of carbon dioxide, H 2 is one
of the most appealing solar fuels.
Nature’s own way of storing sunlight in chemical bonds is by photosynthesis. The energy from
sunlight is utilized during water splitting and carbon dioxide reduction to ultimately produce
carbohydrates (C6H12O6). The overall photosynthesis reaction is shown in equation 1.1.
ଶ  

ଶ

՜ 

ଵଶ 

 ଶ

(1.1)

Although the working principle of photosynthesis is impressive, overall efficiencies in general
stay below 1% with highest efficiencies reaching 3-4% under optimal conditions for some
specific plants.21,22 Major reasons for low photosynthetic efficiencies are suboptimal insolation
conditions, low atmospheric CO2 (~400 ppm), and incomplete absorption of sunlight.
Research on H2 production by photoelectrochemical water splitting has in fact focused on
artificial photosynthesis as nature already provides a successful pathway towards this goal.
However, there are certain criteria to be considered while developing artificial photosynthesis
for technological use. If the desire is to make a stand-alone device that splits water into
hydrogen and oxygen with the only input being sunlight, a couple of elements need to be
integrated. Such a device requires a light absorber to generate charges, electrocatalysts to
facilitate the water splitting reaction, and an electrolyte in which the reaction takes place. All
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these elements should be compatible with each other. Furthermore, a device that will
eventually be industrialized should hold certain characteristics like robustness, high efficiency
and up-scalability, and it should be based on cheap and abundant materials. 23 Nevertheless, it is
not easy to unite all these characteristics in a single device as one characteristic usually gets
better at the cost of the others. Such as, absorber layers or electrocatalysts with high efficiency
in general require the use of expensive materials, making these elements less feasible for large
scale applications. Hence, design of a PEC water splitting cell requires a compromise between
certain criteria.
Before exploring different routes towards photoelectrochemical water splitting, the conditions
for electrolysis should be specified as well. In equations 1.2 to 1.5, the oxidation and reduction
reactions taking place during water splitting are shown for acidic and alkaline electrolytes.
In acidic media at 25 °C, 1 bar vs. normal hydrogen electrode (NHE):
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In alkaline media at 25°C, 1 bar vs. NHE:
Ͷ
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Overall reaction:
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Independent of the media in which the reaction takes place, a reversible water splitting
potential of E0H2 O =1.23 V is necessary to split water into oxygen and hydrogen. However, it is
important to realize that electrolysis of water is an endothermic process that absorbs heat from
the surroundings (electrolyte). When the heat absorption is also taken into account, the
irreversible potential (thermoneutral voltage) necessary for water splitting is E0tn =1.48 V.1 For
water splitting taking place in surroundings that are not controlled at 25 °C, 1.48 V better
represents the necessary potential for water splitting.
In practice, however, water splitting takes place at higher potentials than 1.23 V due to the
overpotentials (η) at the oxygen and hydrogen evolution sites. Assuming that there are no
Ohmic losses in the system, the water splitting potential (VWS ) can be written as:
5
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VWS =E0H2 O +ηO  ηH
2

2

(1.7)

Where, ηO and ηH are the overpotential losses at the oxygen and hydrogen evolving surfaces
2

2

respectively. Typical water splitting potentials for artificially designed devices are around 1.51.9 V and dependent on the electrocatalysts, electrolyte and rate of water splitting reaction on
the electrodes.
The required potential for photoelectrochemical water splitting is significant and can only be
provided by high band gap materials with limited light absorption and efficiency. Despite this
challenge, early examples of photoelectrochemical hydrogen production are based on singlestep processes where one photon with sufficiently high energy is used for water splitting. The
light absorber in this case is either a dye molecule or a light absorbing semiconductor. The socalled molecular devices that are composed of an excitation site, a donor and an acceptor
material such as carotenoid (C)-porphyrin (P)-fullerene (C60) (Figure 1.1) have been studied
since 1970s.19,24,25 Another type of single-step device demonstrated by Honda and Fujishima in
1972 forms the first example of photoelectrochemical water splitting on two separate
electrodes.26 This device uses TiO2 film as photoelectrode (photoanode), where light is
absorbed and water oxidation takes place on the surface. The released electrons are transferred
to a Pt electrode to generate the hydrogen gas (H 2). The process is chemically biased by
different pH values on the oxygen and hydrogen evolution compartments. 27 Further designs
on single-step processes are based on semiconductor colloids as photoelectrodes decorated
with co-catalysts to enhance water splitting (Figure 1.4a).24 The major drawbacks of single-step
water splitting devices are low efficiencies due to limited light absorption by high band gap
absorbers and in a molecular or colloidal structure, the separation of O 2 and H2 gases.

Figure 1.1 Structure of carotenoid-porphyrin-fullerene molecular triad.19

Referring back to nature, it is seen that the photosynthesis process actually uses the combined
energy from two photons in order to perform the water splitting reaction. The simplified Zscheme of photon absorption, charge transfer, and water oxidation taking place during
photosynthesis is shown in Figure 1.2. During photosynthesis, photon absorption takes place
by the chlorophylls in photosystem II (PS II) and photosystem I (PS I) that are connected in
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series. The combined energy of the two absorptions is used for oxidation of water catalyzed by
the manganese calcium oxide cluster (Mn4CaO5 – MnC in Figure 1.2) located in photosystem
II. On the other side, nicotinamide adenine dinucleotide phosphate (NADP +) is reduced to
NADPH in photosystem I. Adenosine triphosphate (ATP), which is also produced during
photosynthesis, and NADPH are then used to reduce CO2 into carbohydrates in the dark
reactions (Calvin cycle).
P700*
P700
0 A0

A1

FX

FA/FB

4eP680* Ph
P680

QA

QB

QH2

4e-

Cyt bf

PC P70
P7000
PS I

Fd

2NADPH

FNR
2NADP+
+
2H+

2H2O
O2 + 4H+

MnC Z P68
P6800
4ePS II

Figure 1.2 Simplified Z-scheme diagram showing absorption, charge generation, water oxidation, and proton
reduction taking place in a photosynthesis reaction.28

Similar to photosynthesis, two-step processes for water splitting have been advanced in order
to increase light absorption and perform the water splitting process without any external
potential. A well-known example of two-step particle device is developed by Maeda et al. 24,29
Particles of O2 and H2 evolution photocatalysts (n-type and p-type materials) together with a
redox mediator, perform water splitting in an electrolyte in the form of mixed colloids. Since
water oxidation occurs upon absorption of light by both photocatalysts, the process is
analogous to the Z-scheme of photosynthesis. Another example of two-step water splitting
device is made by Grätzel30,31 by combining a dye sensitized solar cell with a tungsten oxide
(WO3) photoanode. Combined absorptions by the dye sensitized cell and WO 3 provide
sufficient potential gap for water splitting process to take place. For this specific device
developed in 1999, solar to hydrogen conversion efficiency (ηSTH) was reported as 4.5%.
Further progresses in photoelectrochemical water splitting devices with high ηSTH are based on
the use of photoelectrodes, photovoltaic cells and their combinations with electrocatalysts.
Since TiO2 (Eg = 3.2 eV) as a photoelectrode has limited absorption and efficiency, other
metal oxides such as WO3 (Eg = 2.7 eV),32 Fe2O3 (Eg = 2.3 eV),33 and BiVO4 (Eg = 2.4 eV),34
which can absorb more in the visible range, have been extensively studied as photoanodes. 35
These materials have suitable band edges for the water oxidation reaction and a good stability
against photocorrosion in aqueous electrolytes.36,37 Even though their band gaps are sufficient
for water splitting (>2.0 eV), the conduction bands of these metal oxides are energetically not
suitable for hydrogen evolution reaction. Hence, external bias is required to perform water
7
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splitting with these semiconductors. For full solar-powered water splitting, these photoanodes
can be combined with photovoltaic cells (Figure 1.4b). In fact, van de Krol et al. have recently
demonstrated PEC water splitting with a combination of W-doped BiVO4 photoanode and a
tandem a-Si solar cell, giving a high solar to hydrogen conversion efficiency of ηSTH = 4.9%.38
Another approach for PEC water splitting combines photovoltaics and electrolysis in an
integrated design for a monolithic device composed of a solar cell and electrocatalysts (Figure
1.4c). The solar cells in this case consist of series connected multiple absorber materials to
provide sufficient potential and boost the efficiency simultaneously. One remarkable solar
water splitting device of this type was developed by Licht et al.39 by combining a
Si/AlGa0.15As0.85 tandem solar cell with RuO2 and Pt electrocatalysts for oxygen and hydrogen
evolution reactions. Working principle of the device has a resemblance to the photosynthesis
Z-scheme where combined energy of the photons absorbed by series connected Si and
AlGa0.15As0.85 cells is used for water splitting. The resulting PEC water splitting cell reached a
significantly high solar to hydrogen conversion efficiency of ηSTH = 18.3%. Figure 1.3
illustrates absorption of two photons to provide sufficient potential for water splitting in a
typical series connected tandem solar cell. Lately, Reece et al. have reported a stand-alone solar
water splitting device.40 The ‘artificial leaf’ was composed of a triple junction amorphous
silicon solar cell in combination with earth-abundant cobalt oxide cubane (CoO) and nickelmolybdenum-zinc (NiMoZn) catalysts. The monolithic device showed a solar to hydrogen
conversion efficiency of ηSTH = 2.5%.
2 e-

2H+

H2

Voc-Tandem > 1.23 V
H2O

2e -

½O2 + 2H+

Figure 1.3 Illustration of two-photon absorption process (Z-scheme analogous) in a two-step water splitting device.

Currently, the well-developed method of solar hydrogen production for large scale applications
is based on interconnecting PV cells with commercial alkaline or PEM electrolyzers (Figure
1.4d).1,41 With module efficiencies for crystalline silicon solar cells of above 20% 7 and
electrolyzer efficiencies of around 70%,42 combining these technologies can result in significant
yields of solar to hydrogen conversion. In this respect, pilot-plants with solar to hydrogen
conversion efficiencies of up to 9.3% were reported 43-45 and predictions nowadays point
efficiencies reaching 12.4%.46-48
8
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1.4 Organic solar cells
The working principle of an organic solar cell is summarized in Figure 1.5a. An organic
semiconductor absorbs a photon if the photon (Ephoton) has a larger energy than its optical
band gap (Eg). This absorption excites an electron from the highest occupied molecular orbital
(HOMO) of the organic material to its lowest unoccupied molecular orbital (LUMO) and
forms an exciton (Figure 1.5a-1).51 An exciton is an electron-hole pair bound by the Coulomb
force due to the low dielectric constant of organic materials. Because the electron-hole pair is
strongly bound, the presence of another organic semiconductor (an acceptor) is necessary for
dissociation of the exciton into free charges. With the second semiconductor, a junction of a ptype (donor) and an n-type (acceptor) material with suitable energy level offsets should be
formed. So that, the excited electron at the LUMO level of the donor material can transfer to
the energetically favorable LUMO level of the acceptor material. (Figure 1.5a-2). The organic
absorber layer (photoactive layer – PAL) is sandwiched between two electrodes with different
work functions, which create an internal electric field in the solar cell. Further completion of
charge separation process is done by this internal field. After separation, the charges are
transported towards the electrodes (Figure 1.5a-3) and finally, collected at the electrodes for
extraction of power from the solar cell (Figure 1.5a-4).
A bi-layer device, where donor and acceptor materials are placed onto each other as two
separate layers, can provide the necessary junction for charge separation. However, the exciton
has a short lifetime and a diffusion length of ~10 nm after which, it recombines. 52 Therefore
the exciton needs to reach a junction in a 10 nm neighborhood. This condition significantly
limits the photoactive layer thickness in a bi-layer device. Consequently, absorption becomes
incomplete in such a device structure. A solution to this situation is blending the donor and the
acceptor materials intimately to form a bulk-heterojunction (BHJ), as shown in Figure 1.5c.53,54
A bulk-heterojunction offers abundant donor-acceptor interface throughout the absorber layer,
allowing for a thicker layer and higher absorption. Moreover, a BHJ layer can be deposited
from solution with controlled morphology, owing to fast evaporating solvents, which opens
the doors for printing of organic solar cells.
In 1992, Sariciftci et al. have discovered charge transfer between π-conjugated polymers as
donor and a fullerene (C60) as an acceptor material.55 Since then, fast advances occurred in the
field of BHJ polymer-fullerene solar cells by employing fullerene derivatives as typical acceptor
materials.

10
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Figure 1.5 (a) Schematic energy diagram of a single junction polymer solar cell. (b) Layout of a single junction bulkheterojunction polymer solar cell. (c) Schematic drawing of the bulk-heterojunction. The processes shown in the
energy diagram and bulk heterojunction schemes are: exciton formation (1), exciton diffusion and charge separation
(2), charge transport (3) and charge collection (4).

A single junction polymer solar cell has a structure shown in Figure 1.5b. The solar cell is
fabricated on glass or a flexible substrate as PET foil. The photoactive layer, which is in
general a blend of a polymer and a fullerene derivative as donor and acceptor materials, lies
between two electrodes of different work functions. The front electrode is a transparent
conductive layer that allows for maximum transmission of light, and the back electrode is an
opaque, reflective metal. Typical polymer solar cells are fabricated on glass substrates with
patterned indium tin oxide (ITO), as the transparent electrode. In a regular configuration
device, poly(3,4-ethylene dioxythiophene) doped with poly(styrene sulphonate) (PEDOT:PSS)
is deposited on top of ITO. PEDOT:PSS is a polymeric conductive hole transport (HT) layer
commonly used in polymer solar cells for smoothing the rough ITO surface and providing a
better energy level alignment between the ITO and the polymer HOMO level (Figure 1.6a).
The BHJ polymer-fullerene layer is then deposited on PEDOT:PSS. The most frequently used
fullerene derivatives as acceptor materials are [6,6]-phenyl-C61-butyric acid methyl ester
([60]PCBM) and [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM) with structures shown
in Figure 1.6b and c. Due to the higher absorption coefficient of polymers compared to
fullerene derivatives, the band gap of the solar cell is mainly determined by the band gap of the
polymer. Therefore, the polymer in the PAL has a tuned band gap and energy levels for the
desired absorption spectrum and optimized efficiency. After the deposition of the photoactive
layer, the solar cell fabrication is completed by thermal evaporation of a thin LiF layer (~1 nm)
and an opaque (~100 nm) layer of Al as the back electrode. LiF layer is known to improve the
device performance, however, the exact reasons are not completely understood yet. 56 The
PEDOT:PSS as a hole transport layer can alternatively be replaced by thermally evaporated
MoOx.57 In a normal configuration device, holes and electrons are collected from the front
(ITO) and back (Al) electrodes respectively. The device polarity can also be inverted by the
selection of proper hole and electron transport layers, and electrodes. 58 Common examples of
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electron transport (ET) layers that can be used in polymer solar cells include ZnO, 59
ethoxylated polyethylenimine (PEIE)60 and poly [(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7fluorene)-alt-2,7-(9,9–dioctylfluorene)] (PFN).61
(a)

(b)

(c)

Figure 1.6 Molecular structures of (a) PEDOT:PSS as a hole transport layer, (b) [60]PCBM and (c) [70]PCBM as
acceptor materials.

1.5 Characterization of polymer solar cells
A polymer solar cell is characterized by sweeping the voltage between the front and the back
electrodes of the solar cell and measuring the current density response. The measurement is
done both in dark and by illuminating the solar cell with the standardized AM1.5G (air mass
1.5 global) solar spectrum (Figure 1.7a).62 Air mass 1.5 corresponds to a solar zenith angle of
48.2° under which, the distance that light travels through the atmosphere is 1.5 times the
distance if the sun was at zenith (Figure 1.7a-inset). The total irradiance of AM1.5G is 100 mW
cm-2. Figure 1.7b shows the current density-voltage (J-V) characteristics of a typical solar cell
measured in dark and under illumination. The measurement performed in dark (dashed line)
gives an indication of the diode characteristics and the leakage current (at reverse bias) in a
solar cell. The J-V measurement performed under illumination (solid line) shows the
summation of the dark current and the photocurrent, which is the current generated by
illumination of the solar cell. From this curve, the power conversion efficiency of a solar cell is
extracted. There are several points on this curve that are crucial for characterization. The open
circuit voltage (Voc) is the potential difference between the two electrodes of the solar cell
when no current is flowing through the device. The short circuit current density (Jsc) is the
current density flowing through the device when there is no applied voltage. The third
parameter is maximum power point (MPP), where the solar cell delivers its maximum power,
which also determines the efficiency of the solar cell. The corresponding voltage and current
density at the maximum power point are Vmax and Jmax respectively. The maximum power
output (Pmax) of the solar cell is defined by product of these two parameters (equation 1.8).
Pmax =Jmax ∙Vmax
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Figure 1.7 (a) AM 1.5G solar spectrum. Inset shows the 48.2° zenith angle for an air mass of 1.5. (b) Typical J-V
curves of a solar cell measured in dark (dashed line) and under illumination (solid line).

The last parameter is fill factor (FF) which defines how well the generated charges are collected
in a solar cell. It is also an indication of how much the J-V curve deviates from ideality (FF=1)
and it gives information about the series and shunt resistances in a solar cell. The fill factor is
calculated by taking the ratios of the rectangular areas defined with solid lines to the dashed
lines in Figure 1.7b, as shown in equation 1.9 below.
FF=

Pmax
Jsc ∙Voc

(1.9)

The power conversion efficiency (η) of a polymer solar cell is calculated by taking the ratio of
maximum power output of the solar cell to the incident power (Pin), which is 100 mW cm-2.
η=

Pmax
Pin

=

Jsc ∙Voc ∙FF

(1.10)

Pin

It is very crucial to measure the current generation of a solar cell precisely as it is one of the
parameters that determines the efficiency and it is dependent on the input light spectrum. The
simulated AM1.5G spectrum used to measure the solar cell efficiency may not be precise
enough. Therefore, the precise Jsc for the solar cell under AM1.5G conditions is calculated by
measuring the external quantum efficiency (EQE) of the solar cell at short circuit current
density conditions. External quantum efficiency is the ratio of generated electrons flowing
through the external circuit of the solar cell to the number of incident photons. Once the EQE
of a solar cell is measured as a function of wavelength, the accurate Jsc of the solar cell under
AM1.5G conditions is calculated by convolution of the EQE with the AM1.5G solar
spectrum, as shown in equation 1.11 below.
e∙λ

Jsc ሺEQEሻ=  EQE(λ)∙EAM1.5G ( λ)∙ dλ
h∙c

(1.11)
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In this equation, EAM1.5G (λ) stands for the solar energy at AM1.5G per wavelength, e is the
elementary charge, h is Planck’s constant and c is the speed of light. The calculated Jsc(EQE) is
then used to calculate the power conversion efficiency more accurately.

1.6 Multiple junction polymer solar cells
Single junction polymer-fullerene solar cells face two important loss mechanisms during the
absorption of a photon. Photons with sufficiently high energy are mainly absorbed by the
polymer providing that Ephoton ≥ Eg. However, the excess energy of the photon with respect to
the polymer band gap (Ephoton - Eg) is lost via thermalization. On the other hand, a photon with
a lower energy than the polymer band gap is not absorbed but transmitted through the
photoactive layer, resulting in transmission losses. A wide band gap polymer has the ability to
have a large Voc but a low current density due to high transmission losses. Conversely, a small
band gap polymer absorbs more photons and has a high Jsc but the Voc is low in combination
with high thermalization losses. Consequently, there is always a trade-off between the Jsc and
Voc of a solar cell coupled with thermalization and transmission losses, limiting the efficiency
of a polymer solar cell. A multiple junction device configuration can reduce the thermalization
and transmission losses by making a more effective use of the solar spectrum. In a multiple
junction polymer solar cell, two or more photoactive layers (subcells) ideally with
complementary absorption spectra are stacked on top of each other in general by series
connection. Such a configuration can be designed for optimal absorption of light by stacking
the subcells in the order of their decreasing band gaps. Such that first high energy photons are
absorbed by the front cell and then lower energy photons are absorbed by back cells.
Consequently, a wider portion of the solar spectrum can be absorbed together with reduced
losses.
Figure 1.8a shows the structure of a typical tandem polymer solar cell that consists of a wide
band gap front cell and a small band gap back cell in a regular configuration. In a series
connected tandem solar cell, the voltage of the tandem is the addition of voltages from the two
subcells and similar currents pass through the subcells according to the Kirchhoff’s rule. Two
subcells are connected through a recombination layer (intermediate contact) that is composed
of an electron transport and a hole transport layer to form the series connection (Figure 1.8a).
A good recombination layer should impose no optical or electrical losses to the device.
Therefore, both ET and HT layers should be transparent at the absorption spectra of the
subcells and once the Fermi levels are aligned, holes and electrons should efficiently recombine
at the interface of these layers without any electrical losses (Figure 1.8c). Furthermore, these
layers should be ready for solution processing that can be deposited easily by keeping the
underlying layers intact. Some solution processed electron transport layers used in tandem
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polymer solar cells are ZnO,63,64 TiO265,66 and PEIE.67,68 As hole transport layers, solution
processed PEDOT:PSS69,70 and V2O571,72 layers, and thermally evaporated MoO373,74,75 layer are
a few examples. Of the mentioned ET and HT layers, ZnO-nanoparticles works best with pH
neutral PEDOT:PSS in a majority of front and back cell combinations in tandems and triples
for normal configuration,76,77 and with PEDOT:PSS for inverted configuration.69,70,73 The use
of pH neutral PEDOT:PSS, however, imposes some limitations on normal configuration
device designs due to its low work function, which causes electrical losses when combined with
back cells of certain polymers.78 Therefore, development of new recombination layers is as
crucial as development of high efficiency polymers for multiple junction polymer solar cells.
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Figure 1.8 (a) Layout of a series connected tandem polymer solar cell with a wide band gap front cell and a small band
gap back cell. The intermediate contact consists of an electron transport layer (ETL) and a hole transport layer (HTL).
(b) Normalized absorption spectra of two active layers in a tandem polymer solar cell with complementary absorption.
(c) Energy levels diagram of a tandem polymer solar cell.

A large variety of polymers is available for multiple junction solar cell purposes. Ideally, the
absorption spectra of subcells should be complementary in such a device (Figure 1.8b). This
requires polymers with varying band gaps. Thanks to the large amount of research on πconjugated polymers for solar cell applications, it is possible to find efficient materials with
band gaps as low as 1.23 eV,79 suitable for small band gap subcells in a tandem or triple
junction polymer solar cell. In this respect Figure 1.9 shows some examples of polymers
available for multiple junction solar cells. With band gaps of 1.95 and 1.90 eV, PF10TBT and
PCDTBT are two materials as wide band gap front cells. When combined with [60]PCBM,
PF10TBT gives a high Voc of 1.03 V, however, the efficiency of the cell is on the low side (η
≈ 4%).64 PCDTBT and [70]PCBM blend on the other hand, is a better front cell candidate
with η ≈ 6.5% for a high efficiency multiple junction device.80 As intermediate and low band
gap materials, the class of diketopyrrolopyrrole (DPP) polymers offers a diversity of options.
Here, a few known examples are PDPP3T (1.33 eV), 81,82 PDPP5T (1.46 eV)83 and PDPPTPT
(1.53 eV).82,84 Lately, the PTB7-Th polymer, based on a benzodithiphene (BDT) unit has
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shown significantly high efficiencies (η ≈ 10.3%) in a single junction configuration. 85 With a
band gap of 1.58 eV, this material is a suitable option as a middle or a back cell.

Figure 1.9 Structures of some important polymers with various band gaps used in multiple junction polymer solar
cells.

The extracted efficiency from a single absorber material can be increased by homo-tandem
solar cell configurations where the tandem cell is composed of two identical photoactive layers.
In general, the optimized photoactive layer thickness in a single junction polymer solar cell is
around 100 nm and not sufficient for complete absorption of light. This is because thicker
layers do not allow for effective collection of the generated charges due to reduced electric
field through the photoactive layer. Hence, lower performances are observed mainly due to
reduced fill factor. A tandem solar cell with identical active layers enhances absorption and
total current generation without any reduction in the fill factor resulting an increase in the
overall efficiency. 73,86,87
In a series connected tandem solar cell, it is crucial to balance the current generations by the
subcells, otherwise the subcell with excess current generation is not used effectively. Therefore,
not only the absorption spectra of the subcells, but also their current generation should be
controlled in designing a high efficiency multiple junction solar cell. In this respect, the
photoactive layer thicknesses in a tandem or triple junction polymer solar cell need to be
optimized through optical simulations.88 Such a simulation combines optical absorption with
electrical characteristics of the subcells, to calculate the J-V characteristics of a tandem or triple
junction polymer solar cell for varying subcell thicknesses. The layer thicknesses for optimized
16

Introduction

power conversion efficiency are then extracted for manufacturing the corresponding solar
cells.
Multiple junction organic solar cells have in fact a history of more than two decades. The first
tandem organic solar cell was reported by Hiramoto et al. in 1990, as a small molecule homotandem with evaporated subcells and intermediate contacts. 89 Further early examples of
multiple junction organic solar cells were also based on evaporated small molecules.90,91 In
2006, the first fully polymer-fullerene based tandem solar cell was developed by Kawano et al.
as an MDMO-PPV:[60]PCBM homo-tandem and had an efficiency of 3.1%.92 The first
polymer tandem solar cell with subcells of complementary band gaps was reported by
Hadipour et al. in 2006.93 This tandem cell had an intermediate contact of evaporated metals
and spin coated PEDOT:PSS. The switch to fully solution processed tandem polymer solar
cells was achieved by Gilot et al. in 2007 with ZnO nanoparticles and pH neutral PEDOT:PSS
as the recombination layer.63 Multiple junction polymer solar cells can nowadays reach
efficiencies between 10-12%69,70,73,94 with the highest known efficiency of 11.8% for a full
solution processed inverted triple junction polymer solar cell. 18 These achievements are
consequences of new solar cell materials with higher efficiencies, newly developed intermediate
contacts, and modeling based efficiency optimizations incorporated with different device
structures such as inverted or homo-tandem solar cell configurations.
Multiple junction polymer solar cells have another value for photoelectrochemical water
splitting. The requirement of 1.4-1.9 V for water splitting (1.23 V + ηO +ηH ) cannot be
2

2

achieved by single junction polymer solar cells. However, a series connected tandem or triple
may provide the necessary potential. For PEC water splitting purposes, a multiple junction
solar cell not only provides an efficient solar cell, but also serves for the realization of water
splitting purely with solar power.

1.7 PEC water splitting with polymer solar cells
One of the goals of this thesis is the realization of stand-alone PEC water splitting with
polymer solar cells. In this view, the device design is based on an integrated solar cellelectrolysis cell system since on the large scale such a design is expected to have economic
advantages over a system that is composed of solar cells interconnected to commercial
electrolyzers.49 Figure 1.10 shows the layout of a desired design for an integrated PEC water
splitting device. The device consists of a tandem polymer solar cell that can provide sufficient
energy for water splitting, and two electrocatalysts deposited on the two electrodes of the solar
cell. The solar cell needs to be deposited on a substrate which can be glass covered with a
transparent conductive layer on both sides such as double sided ITO substrate. Another
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option can be depositing the solar cell onto a steel substrate. A couple of challenges and
limitations, however, follow designing such a monolithic device that will operate inside an
electrolyte. A polymer solar cell is composed of layers that can be oxidized or even dissolved in
an aqueous electrolyte. Therefore, a photoelectrochemical cell design involving a direct solar
cell-electrolyte interface is a very challenging task. Instead, the first step towards a monolithic
design can be encapsulating the solar cell so that it can be placed inside the electrolyte without
degradation concerns. To be able to perform PEC water splitting with the solar power only, a
tandem or a triple junction polymer solar cell is essential. Another approach is series
connecting single junction solar cells to provide sufficient voltage. The selection at this point
should then be based on the stability, costs and ultimate efficiency for water splitting. Series
connected single junction cells are less complicated in terms of content and manufacturing. On
the other hand theoretical calculations indicate significant increases in efficiency when
switching from single junction to multiple junction configurations. 95

HER catalyst
LiF/Al

Small band gap

Intermediate
contact
Wide band gap
PEDOT:PSS
ITO
OER catalyst

½ O2

H2

Figure 1.10 Layout of an example PEC water splitting device composed of a tandem polymer solar cell and two
electrocatalysts for oxygen evolution reaction (OER) and hydrogen evolution reaction (HER).

On the electrolysis side, the selection of electrodes and electrocatalysts play an important role
as well as the electrolyte. In most cases, an electrocatalyst is necessary on the H 2 and O2
evolution electrodes to increase the activity of the reaction and reduce the overpotentials.
Some examples of well-known oxygen evolution reaction catalysts include RuO2,96 IrO2,97
MnOx,98 NiOx,99 and CoOx.100 For hydrogen evolution, generally metals and metal alloys such
as Pt,101 NiMo,102 CoMo,103 or NiMoZn40 are suitable options as electrocatalysts. However,
among the variety of electrocatalysts, the ones with higher catalytic activity and lower
overpotentials are in general composed of precious metals or their oxides such as Pt, RuO 2,
and IrO2. Nevertheless, the fact that higher efficiency catalysts come together with higher costs
is changing in time owing to the continuous research on electrocatalysts.104 Selection of
electrolyte has also a significant influence on the efficiency and the stability of a PEC water
splitting cell. Electrolytes with high conductivity cause less resistive losses. However, such
electrolytes are in general concentrated acidic or alkaline media that are harsh and can cause
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catalyst degradation in the long run. In a commercial electrolyzer, commonly 25-30% KOH
electrolyte is used.42 For research purposes, the selected electrolytes are milder. In general,
aqueous solutions of NaOH,105 KOH,106 and H2SO4,107 with molarities between 0.1-2 M are
selected. Lately, electrolytes with near-neutral pH conditions are also frequently selected to
protect the electrocatalysts against corrosion. Some examples are Na 2CO2,108
KH2PO4/K2HPO4,109 and K2B4O740 with molarities around 0.1-1 M and pH values of around
7-9. With all the components having their own limitations, the design of a PEC water splitting
cell does not involve selection of solar cells, electrocatalysts and electrolytes separately. Both
catalysts should be active and stable enough inside the selected electrolyte and they should also
maintain good attachment on the electrodes where they are deposited.
For a selected solar cell – electrolysis cell couple, the operating point of the integrated device
can be estimated from the separate J-V characteristics of the solar cell and the electrolysis cell.
The J-V characteristics of the solar cell is measured under AM1.5G conditions as explained in
Section 1.5. Characterization of the electrolysis cell is performed by a two-electrode
measurement where the OER and HER catalysts with specified surface areas are placed inside
the electrolyte and the voltage is swept while measuring the current density. Figure 1.11 shows
an example of solar cell and electrolysis cell J-V curves plotted together. The solar cell J-V
curve is in this case plotted in the first quadrant. The curves are plotted with respect to current
density of the solar cell and the current density on the electrocatalyst surface. For different
solar cell and catalyst surface areas such as in Figure 1.11, the scales for the solar cell and
electrolysis cell current densities are adjusted according to the ratios of the two areas. Once the
scales are correctly set, the intersection point of the two curves determines the expected
operating voltage (Vop) and operating current density (Jop) during water splitting. Later, in a real
integrated device, these points are measured with a source-measurement unit while the water
splitting experiment is taking place.
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Figure 1.11 J-V curves of a solar cell (solid line) and an electrolysis cell (dashed line) to be integrated for a PEC water
splitting device. The intersection of two curves is the operating point of the integrated system.
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Solar to hydrogen conversion efficiency of a PEC water splitting cell (ηSTH) is extracted from
the ratios of the output power (Pout ) to the incident power (Pin ). For a monolithic device, the
output power will correspond to the chemical energy of the generated hydrogen gas, while the
incident power is the solar power at AM1.5G (100 mW cm-2). The output power is defined by
the Gibbs energy of the evolved hydrogen gas (∆G=-273kJ/molH2 ), the rate of hydrogen
production and the Faradaic efficiency (ηF ). The Faradaic efficiency defines the amount of
generated current that is used for hydrogen gas production. In this respect, the overall solar to
hydrogen conversion efficiency is calculated as:49
ηSTH =

Pout

(1.12)

Pin

When using the AM1.5G (100 mW cm-2) light as Pin it can be easily shown that ηSTH can be
expressed as:
ηSTH =1.23ήJop ηF %

(Jop in mA cm-2)

(1.13)

where, 1.23 V is the standard water splitting potential.
As seen from equation 1.13, in a monolithic device with sunlight as the only power input,
enhancing the ηSTH is only possible by increasing the operating current density or the Faradaic
efficiency. This is an important fact to be considered while designing and optimizing a PEC
water splitting device.
Optimizing a PEC water splitting device not only involves the selection of efficient solar cell
materials and catalysts but also fine tuning of the operating point for an integrated
construction. The operating point of the water splitting device should ideally correspond to the
maximum power point of the solar cell. At this point, the solar cell can be used at its full
potential without wasting any useful power. Figure 1.12a shows three hypothetical solar cells
with equal sizes and efficiencies, combined with an electrolysis cell. The first and third solar
cells operate above and below their maximum power points respectively. Therefore, the high
current generation of the first cell and the high Voc of the third cell cannot be effectively used.
The second cell operates at its MPP showing a perfectly matching solar cell and electrolysis cell
operation. Similarly, varying the current on the catalyst surface plays an important role in
adjusting the operating point. For a fixed catalyst surface area, a larger solar cell generating
more current (Figure 1.12b, Solar cell – 1) will operate at a higher voltage due to increased
overpotentials on the catalysts.
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Figure 1.12 (a) I-V curves of three different hypothetical solar cells (solid lines) with the same area and efficiency in
combination with an electrolysis cell (dashed line). (b) I-V curves of two hypothetical solar cells of the same material
but different solar cell areas (solid lines) in combination with an electrolysis cell (dashed line). Solar cell – 1 is 2 times
as large as solar cell – 2.

Examples of photoelectrochemical water splitting with polymer solar cells are yet scarce. Aoki
et al. have reported PEC water splitting with six series connected P3HT:[60]PCBM devices but
overall ηSTH was not mentioned.110 Bourgeteau et al. have used a single junction P3HT:PCBM
as a photocathode by depositing a thin layer of Ti and MoS 3 HER catalyst onto the Al back
contact of the solar cell.111 To our knowledge, no standalone PEC water splitting device with
polymer solar cells has been reported yet.

1.8 Outline
This thesis aims to create, characterize and optimize an ‘organic artificial leaf’ for solar
hydrogen production with polymer solar cells. In this respect, a polymer solar cell with
sufficient characteristics for water splitting needs to be made and combined with catalysts from
not only precious, rare elements but also earth-abundant materials for efficient water splitting
purposes.
In Chapter 2, a first proof-of-concept study is provided, in which photoelectrochemical water
splitting is performed using a triple junction polymer solar cell and two platinum electrodes in
an aqueous electrolyte. The triple junction polymer solar cell is unique in itself due to its 1+2
configuration. In this configuration, a wide band gap front cell is combined with two identical
narrow band gap subcells. The unbalanced current generations by the wide band gap and small
band gap materials in a tandem solar cell results in enhanced efficiency when these two
materials are combined in a 1+2 structure. Furthermore, the very high voltage obtained from
the triple junction solar cell (Voc = 2.50 V), is sufficient for water splitting to take place even
around the maximum power point of the solar cell (Vmax = 1.70 V). This study shows that
water splitting is possible with polymer solar cells, using sunlight as the only power input.
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Chapter 3 is devoted to electrochemical characterization of various tailored catalysts. Highly
efficient catalysts such as ruthenium oxide are presented, next to catalysts based on earthabundant materials such as cobalt oxide. The catalysts are compared in terms of their
overpotentials, stability in selected electrolytes and their attachment properties on conductive
electrodes. Suitable catalysts for oxygen and hydrogen evolution reactions are determined in
order to be used later in a PEC water splitting device.
In Chapter 4, the design and characterization is presented of an integrated solar water splitting
device based on a triple junction polymer solar cell. A small area 1+2 type triple junction
device is combined with relatively large area RuO 2 catalysts both for hydrogen and oxygen
evolution reactions, giving a solar to hydrogen conversion efficiency (ηSTH) of 5.4%. The same
experiment with earth-abundant catalysts of cobalt oxide (CoOx) and nickel-molybdenum-zinc
(NiMoZn) for oxygen and hydrogen evolution reactions shows an efficiency of ηSTH = 4.9%. It
is also demonstrated that for similar solar cell and RuO 2 catalyst surface areas, the ηSTH reduces
down to 3.6% due to increased current density on catalyst surfaces, which increases the
overpotentials and the operating voltage.
Chapter 5 presents a related study on a simpler configuration with two photoactive layers.
Here, the main attention focuses on increasing the voltage output to have sufficient potential
with only two subcells. A high Voc can be obtained by combining two identical wide band gap
materials in a homo-tandem configuration. The intermediate contact of the tandem cell can be
improved in terms of voltage losses by incorporating a thermally evaporated MoO x layer. By
combining the solar cell with RuO2 - RuO2 or RuO2 - Pt as OER - HER catalysts, solar to
hydrogen conversion efficiencies up to 4.3% are achieved.
In Chapter 6, the application of a retroreflective foil on the top surface of an organic solar cell
is investigated. By increasing the path length of the light through the photoactive layer and rereflecting it, this foil increases current generation. Thus the relative efficiency of the solar cell
can increase by up to 19%.
Chapter 7 presents water splitting by two, three and four series connected single junction
polymer solar cells. Empirical modeling performed for water splitting with series connected
single junction devices suggests the highest solar to hydrogen conversion efficiencies by two
series connected single junction solar cells as ~9.0%. Selected materials for two, three and for
series connected cells result in ηSTH values of ranging between 4.3-5.5%. By incorporating the
retroreflective foil with the single junction solar cells, these efficiencies increase further and
reach up to ηSTH = 6.1%, which is the highest solar to hydrogen conversion efficiency obtained
in this thesis.
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Chapter 2
Triple Junction Polymer Solar Cells for
Photoelectrochemical Water Splitting

Abstract
Towards fully solar powered hydrogen generation, a proof-of-concept photoelectrochemical
water splitting device with a polymer solar cell is presented. The water splitting potential of
1.23 V and the electrode overpotentials make single junction or series connected tandem
polymer solar cells insufficient for efficient water splitting. However, a series connected triple
junction polymer solar cell in a novel 1+2 type configuration provides the required potential
and affords photoelectrochemical (PEC) water splitting at its maximum power point around
1.70 V. The triple junction cell consists of a wide band gap front cell and two identical small
band gap middle and back cells. The unbalanced current generation of these two materials in
an optimized tandem solar cell, is lifted in a 1+2 type configuration and results in an enhanced
power conversion efficiency. The optimized triple junction solar cell gave an efficiency of 5.3%
which is significantly higher than the corresponding optimized tandem device with η = 4.6%.
The PEC water splitting experiments with this triple junction solar cell had an estimated solar
to hydrogen energy conversion efficiency of 3.1%.

This work has been published:
S. Esiner, H. van Eersel, M. M. Wienk, R. A. J. Janssen, Adv. Mater. 2013, 25, 2932

Chapter 2

2.1 Introduction
Large scale photovoltaic energy conversion is one of the most promising technologies to meet
the future demand in renewable energy, but ultimately efficient conversion of solar to chemical
energy is required to sustain our global energy demand as solar electricity supply and demand
are intermittent. Because capturing solar energy in chemical bonds of molecular fuels is most
effective in terms energy density, solar fuels are attracting considerable attention recently.
Successful construction of a direct artificial system for efficient solar fuel generation is possibly
the most important research challenge in coming years, 1 and the first firm ideas are emerging
on how this can be achieved.2
Solar energy driven water splitting has initially been advanced by Turner et al.3 Subsequently,
Licht et al.4 have shown that it is possible to perform photoelectrochemical water splitting at a
solar to fuel conversion efficiency of 18.3% with a Si/Al0.15Ga0.85As tandem solar cell using
RuO2 as oxygen evolving catalyst and Ptblack as hydrogen evolving catalyst. Despite high
efficiencies, large-scale terrestrial application of such devices is hampered by the prohibitive
high cost of the single-crystal semiconductors. More recently, Nocera et al. accomplished solar
water splitting using silicon-based semiconductors triple junction cells and earth-abundant
hydrogen and oxygen evolving catalysts achieving a solar to fuel efficiency of 2.5% with a
wireless device configuration, and 4.7% with a wired configuration.5
Polymer solar cells are one of the candidates to contribute to large scale photovoltaic energy
conversion due to their potentially cheap, high volume, solution-based manufacturing. The
power conversion efficiencies (η) of polymer solar cells have already passed the 10%
threshold.6 In recent years tandem configurations have been explored to further increase the
efficiency of polymer solar cells. In a tandem configuration thermalization losses are reduced
by the absorption of high-energy photons in a wide band gap photoactive layer and
transmission losses are lowered by the absorption of low-energy photons in a small band gap
photoactive layer. Tandem polymer solar cells that with power conversion efficiencies
exceeding 9.5% have recently been published.7-9
We considered it of interest to investigate the possibility of using semiconducting
polymer:fullerene heterojunctions as the absorber in a photoelectrochemical water splitting
device. For constructing such a device it is important to consider that the standard potential
for water splitting (H2O → H2+ ½O2) is E0H2 O = 1.23 V. In practice, however, water splitting
occurs at a potential (VWS) that is higher than E0H2 O due to overpotential losses occurring at
the electrodes. Depending on the type of the electrodes, the electrolyte, and the current
density, the overpotentials vary for both H2 and O2 evolution electrodes and the electrolysis
potential lies typically in the range VWS = 1.4 -1.9 V.10,11 Even the best polymer tandem solar
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cells do not reach this potential in their maximum power point 7,8 and hence would be unable
to provide significant current densities in photoelectrochemical water splitting. To overcome
this problem it is possible to use a triple junction configuration. Several examples of vacuum
deposited and solution processed triple junction organic solar cells have been published.12-17
These examples include the use of three active layers that are identical or span the same
spectral regions as well as a balanced set of three complementary organic semiconductor
absorbers.18,19
Here we present a fully solution processed triple junction polymer solar cell in a novel 1+2
type configuration (Figure 2.1a) with an optimized efficiency of 5.3% and an open circuit
voltage of Voc = 2.33 V and demonstrate that the cell can be used for photoelectrochemical
water splitting close to its maximum power point at V | 1.70 V. The triple junction cell
employs one wide band gap bulk heterojunction front cell and two identical small band gap
bulk heterojunctions in the middle and back cells. The rationale of this design is that in
polymer tandem cells the current generating capacity of the small band gap cell is often not
fully exploited, because the wide band gap cell that absorbs a small part of the spectrum limits
the current.20 In such a case, it can be advantageous to combine the wide band gap active layer
with two identical small band gap subcells. Because the two small band gap cells compete for
the same photons, the generated current is reduced and all three layers of the triple junction
solar cell will have more balanced current generation than in the tandem device. Importantly,
due to the additional junction, the voltage and efficiency of such a 1+2 type triple junction
solar cell will be higher than that of the corresponding tandem device.

2.2 Organic absorber layers
For our 1+2 triple junction we chose donor materials that provide relatively high Voc with
fullerene acceptors. The front cell is a blend of PF10TBT (poly[2,7-(9,9-didecylfluorene)-alt5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)], Figure 2.1b)20 as donor with [60]PCBM ([6,6]phenyl-C61 butyric acid methyl ester) as acceptor, while the middle and back cells consist of a
blend of PDPPTPT (poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4c]pyrrole-1,4-diyl}-alt-{[2,2′-(1,4-phenylene)bisthiophene]-5,5′-diyl}], Figure 2.1b)21 and
[60]PCBM.
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Figure 2.1 (a) Layouts of the single, tandem, and 1+2 type triple junction solar cells. (b) Structures of the wide band
gap (PF10TBT, Eg = 1.95 eV) and small band gap (PDPPTPT, Eg = 1.53 eV) polymers.

The extinction coefficients of the PF10TBT:[60]PCBM and PDPPTPT:[60]PCBM blends
(Figure 2.2) demonstrate the complementary absorption spectra of the two active layers with
optical band gaps at Eg = 1.95 and 1.53 eV. In optimized single junction cells they provide
efficiencies of η = 3.7% and η = 4.5%, respectively with relatively high open circuit voltage of
Voc = 1.04 and 0.78 V (Table 2.1). However, the short circuit current densities, Jsc = 6.1 mA
cm-2 and 9.3 mA cm-2 (Table 2.1), of the optimized devices differ significantly. This large
difference gives rise to unmatched currents of subcells in a PF10TBT:[60]PCBM /
PDPPTPT:[60]PCBM tandem cell, even in the optimized conditions. The wide band gap
subcell is current limiting and the current generating potential of the back cell cannot be
effectively used. Thus, the approach of combining the wide band gap front cell with two
identical narrow band gap cells is expected to provide an improved device performance when
compared to the corresponding tandem solar cell.
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Figure 2.2 Extinction coefficient and refractive index of the wide and small band gap active layers.

2.3 Tandem polymer solar cells with reduced voltage losses
Towards an efficient triple junction solar cell, we first developed an intermediate contact that is
compatible with the stack of layers inside the device and that is easy to process. ZnO
nanoparticles and PEDOT:PSS are commonly used as electron transport (ET) and hole
transport (HT) layers in solution processed polymer solar cells. 13 To prevent deteriorating the
underlying ZnO layer by the commonly used acidic PEDOT:PSS dispersion (pH ~ 1.8), a pH
neutral PEDOT:PSS must be used.13 However, pH-neutralization of PEDOT:PSS lowers the
work function from 5.05 to 4.65 eV (pH neutral PEDOT),22 and introduces voltage losses
when used as an HT layer in a polymer solar cell with a polymer of deep (more negative)
HOMO level.
In the envisioned tandem and triple junction configurations, the pH neutral PEDOT layers
connect to the PDPPTPT:[60]PCBM layer for hole collection and the effect of pH neutral
PEDOT on the high Voc = 0.78 V of the single junction PDPPTPT:[60]PCBM device must be
addressed. Figure 2.3a shows that by replacing the acidic PEDOT layer with pH neutral
PEDOT in single junction PDPPTPT:[60]PCBM devices the Voc decreases by 0.20 V to 0.58
V. This loss, however, can largely be recovered when a solution of Nafion is spin coated onto
the pH neutral PEDOT layer before applying the photoactive blend. 23,24 With a thin Nafion
layer, Voc rises to 0.73 V without affecting the fill factor or the current (Figure 2.3a) leading to
a minor voltage loss of 0.05 V compared to acidic PEDOT. We note, however, that the
performance improvement obtained with Nafion varied somewhat in different experiments
and that typically losses were in the range of 0.05-0.10 V.
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Figure 2.3 (a) Effect of pH neutral PEDOT and Nafion on the J-V curves of single junction ITO/(acidic or pH
neutral)PEDOT/(none or Nafion)/PDPPTPT:[60]PCBM /LiF/Al solar cells. (b) Tandem solar cells using two
photoactive layers (PALs) of PF10TBT:[60]PCBM and PDPPTPT:[60]PCBM with an ITO/acidic
PEDOT/PAL/ZnO/pH neutral PEDOT/Nafion/PAL/LiF/Al cell stack. (c) External quantum efficiency of the
PF10TBT:[60]PCBM / PDPPTPT:[60]PCBM tandem cell shown in panel (b).

As a next step, tandem cells were made with a Nafion modified pH neutral PEDOT
intermediate contact. We have previously shown that it is possible to predict the behavior of
multiple junction devices under solar illumination using optical modeling in a transfer matrix
approach based on extinction coefficient and refractive index as function of wavelength for all
active layers and using the experimental J-V curves of the single junction devices at various
thicknesses.20 The J-V curve of the optimized tandem cell with a wide band gap
PF10TBT:[60]PCBM front cell and small band gap PDPPTPT:[60]PCBM back cell reaches η =
4.6% and shows a Voc of 1.72 V and (Figure 2.3b, Table 2.1), which represents a loss of 0.10 V
compared to the sum of the optimized single junctions (Voc = 1.04 + 0.78 = 1.82 V). Figure
2.3c shows external quantum efficiency (EQE) measurements of the individual subcells inside
the PF10TBT:[60]PCBM / PDPPTPT:[60]PCBM tandem device, measured using appropriate
optical and electrical bias.25 By integrating the EQE with AM1.5G solar spectrum, the current
density generating capacities of the two subcells can be determined. In the optimized tandem
cell the back cell can generate a short circuit current density of Jsc = 7.30 mA cm-2, which is
significantly higher than the corresponding value of Jsc = 4.68 mA cm-2 that can be generated
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by the front cell. This difference supports the need for the 1+2 type triple junction solar cell
structure.
To test the possibility of making such 1+2 type triple junction, we also made
PDPPTPT:[60]PCBM / PDPPTPT:[60]PCBM tandem solar cells, i.e. using two identical small
band gap active layers (Figure 2.3b). Using a Nafion modified pH neutral PEDOT
intermediate contact we find η = 4.2% and Voc = 1.51 V, close to the value of 1.56 V that
would be expected based on the optimized single junction. The efficiency of the tandem of η =
4.2% is slightly less than for a single junction PDPPTPT:[60]PCBM cell (η = 4.5%), mainly due
to losses in FF and Voc.

2.4 1+2 type triple junction polymer solar cell
In both tandem cells the potential in the maximum power point (V = 1.33 V and V =1.16 V)
is not sufficient for photoelectrochemical water splitting (E0H2 O = 1.23 V), especially when
considering overpotential losses. To raise the potential in the maximum power point, triple
junction devices with PF10TBT:[60]PCBM as the front cell and two PDPPTPT:[60]PCBM
layers as the middle and back cells were made with the optimized active layer thicknesses
obtained from the simulations. The triple junction cell shown in Figure 2.4a gave η = 5.3%,
which is significantly higher than the two tandem devices (η = 4.6 and 4.2%) and the two
optimized single junction devices (η = 3.7% and 4.5%, respectively). Compared to Jsc = 4.844.90 mA cm-2 of the two tandem cells, the Jsc = 4.42 mA cm-2 of the triple junction cell is only
slightly lower, demonstrating that for this material combination the 1+2 configuration is really
beneficial. With Voc = 2.33 V for this triple junction cell, there is a moderate loss compared to
the maximum possible value of Voc = 2.60 V (= 1.04 + 2 ×0.78). This is due to the potential
loss (2 × ~0.10 V) at the intermediate contacts and the reduced number of photons that can
be absorbed in each of the layers.26 As mentioned, the voltage loss at the intermediate contact
varied in different experimental runs, resulting in maximum Voc = 2.50 V in favorable cases.
Importantly however, and in contrast to the single junction or the tandem cells presented in
this work, the triple junction cell provides V = 1.70 V in its maximum power point, sufficient
for water splitting.
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Figure 2.4 (a) Device structure of the triple junction. (b) J-V curves of the optimized single, tandem, and triple
junction solar cells.
Table 2.1 Performances of all optimized single junction, tandem and triple junction devices.

Device type
Wide band gap single junction
Small band gap single junction
Small + wide band gap tandem
junction
Small + small band gap tandem
junction
Wide + 2 × small band gap triple
junction
a
b

[mA cm−2]
6.26
9.92

Jsca

Jsc (EQE)b
[mA cm−2]
6.09
9.27

[V]
1.04
0.78

Voc

FF
[-]
0.58
0.62

[%]
3.8
4.8

ηa

[%]
3.7
4.5

ηb

4.90

-

1.72

0.54

4.6

-

4.84

-

1.51

0.57

4.2

-

4.42

-

2.33

0.51

5.3

-

Determined from ~100 mW cm-2, white light illumination.
Determined by integrating the EQE data with the AM1.5G spectrum.

2.5 PEC water splitting with a 1+2 type triple junction
polymer solar cell
Using two platinum electrodes and a 1.0 M KOH electrolyte, electrochemical water splitting
requires a potential of about 1.70 V. Figure 2.5 shows the I-V characteristics of a 1+2 triple
junction polymer solar cell under white light illumination connected to two thin platinum
electrodes in a 1.0 M KOH electrolyte. Under these conditions the photoelectrochemical
evolution of hydrogen and oxygen can easily be observed (see inset). The part of the I-V curve
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of the triple junction cell between open circuit and lowest potential where water splitting
occurs can be measured by adjusting the area of the platinum electrodes that are in contact
with the electrolyte and recording the potential and current. By lowering the area of the
electrodes it is possible to effectively increase the resistance of the electrochemical cell, which
enables measuring part of the I-V curve. Figure 2.5 shows that these electrochemical I-V
measurements exactly match those of the same cell measured with a source-measurement unit.
This experiment demonstrates the use of a triple junction polymer solar cell for water splitting
and hydrogen generation. In a separate electrochemical experiment, we determined that the
current to hydrogen conversion is better than 80%. This allows determining a lower estimate
0
/VWS) × 80% =
for the solar to hydrogen energy conversion efficiency as η = ηtriple × (EH
2O

5.3% × (1.23/1.70) × 80% = 3.1%.
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Figure 2.5 Comparison of the I-V curves of the triple junction cell measured using a water electrolysis cell with
different sized contacts and using a source-measurement unit. This particular triple junction cell had Voc = 2.50 V
when measured under white light conditions close to AM1.5G. The inset shows the evolution of H2 and O2 during the
photoelectrochemical experiment.

2.6 Conclusions
In conclusion, a triple junction solar cell with one wide band gap and two identical small band
gap active layers has been developed. A 5.3% efficient triple junction solar cell has been made
with PF10TBT:[60]PCBM as a front cell and PDPPTPT:[60]PCBM as middle and back cells.
The triple junction device showed a better efficiency than the single junction devices and the
tandem device which also showed a high efficiency of 4.6%. In addition, a basic example of
solar to fuel conversion has been illustrated exploiting the high voltage of the triple junction
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solar cell. A next step is combining better hydrogen and oxygen evolving catalysts to lower the
water splitting voltage and making an integrated design of the photoelectrochemical cell.

2.7 Experimental
Materials
All commercial chemicals were used as received. PF10TBT was provided by Jorgen Sweelssen,
PDPPTPT was provided by Johan Bijleveld and Koen Hendriks. [60]PCBM was obtained from
Solenne BV. Platinum wire was obtained from Drijfhout. Water used in depositions and
electrolytes was purified in a Millipore system and has a resistance of at least 18 MΩ.
Device preparation
Solar cells were prepared by first spin casting PEDOT:PSS (Clevios® P VP AI 4083, H. C.
Starck) onto pre-cleaned glass substrates with indium tin oxide (ITO) patterns (Naranjo
Substrates). Then, the active layer was spin cast. Single junction devices were completed by
thermal evaporating a back contact of 1 nm LiF and 100 nm Al at 3 × 10 -7 mbar. For tandem and
triple junction devices, the intermediate contact consisting of ZnO nanoparticles (~30 nm), pH
neutral PEDOT (~15 nm), and Nafion (~4 nm) was deposited sequentially by spin casting. For
optimal performance, ZnO nanoparticles were deposited inside a glove box with nitrogen
environment while all other layers were spin cast in air. No heat treatment was applied to any of
the layers.
The front cell was spin cast from a warm solution of PF10TBT and [60]PCBM (1:4 w/w) in
chloroform containing 70 mg mL-1 o-DCB at 5 mg mL-1 polymer concentration. The middle and
the back cells were spin cast from a solution of PDPPTPT and [60]PCBM (1:2 w/w) in
chloroform containing 70 mg mL -1 o-DCB at 5 mg mL-1 polymer concentration. ZnO
nanoparticles27,28 of ~5 nm diameter were spin cast from a solution of 14.25 mg mL -1 ZnO in
isopropanol (IPA). pH neutral PEDOT was prepared by diluting ‘Orgacon Neutral pH PEDOT’
from Agfa with ultra-pure water at a 1:1 volume ratio. The solution was then filtered with a 5.0
μm Whatman Puradisc FP30 syringe filter. Nafion® (Aldrich chemistry, perfluorinated ion
exchange resin 5 wt.% in mixture of lower aliphatic alcohols and H 2O, containing 45% water) was
first diluted in ethanol with a 1:200 volume ratio. The resulting solution was spin cast directly
onto pH neutral PEDOT for an optimized thickness of 2-5 nm.
Characterization
A Keithley 2400 source-measurement unit was used to measure current density to voltage (J-V)
characteristics of the devices. The illumination was carried out with ~100 mW cm -2 white light
from a tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB120 daylight
filter. No mismatch correction was performed. The measurements were performed inside a glove
box with a nitrogen atmosphere. The tandem and triple junction devices were exposed to UV
illumination (with a Spectroline EN-160L/F 365 nm lamp from Spectronics Corporation) for
about 10 min. to provide an ohmic contact between the ZnO and pH neutral PEDOT layers
before being measured. To prevent parasitical charge collection due to the high lateral
conductivity of pH neutral PEDOT, tandem and triple junction devices were measured with a
mask of the same size with the device area (0.09 mm2 and 0.16 mm2), which is determined by the
overlap of the ITO and Al electrodes. For single junction devices, more accurate short circuit
currents under AM1.5G were calculated by convolution of the EQE measurements with the
AM1.5G solar spectrum.
EQE measurements were performed in a homebuilt set-up. Mechanically modulated (SR 540,
Stanford Research) monochromatic (Oriel Cornerstone 130) light from a 50 W tungsten halogen
lamp (Osram 64610) was used as a probe light together with continuous bias light from a solid
state laser (B&W Tek Inc., λ = 532 nm, 30 mW and λ = 780 nm, 21 mW) through an aperture of
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2 mm diameter. The intensity of the bias laser was adjusted using a variable neutral density filter.
The response was recorded using a lock-in amplifier (Stanford Research Systems SR830), over a
resistance of 50 Ω. For all the single junction devices and the PDPPTPT:[60]PCBM subcell, the
measurement was carried out under representative illumination intensity (AM1.5G equivalent,
provided by the 532 nm laser). For the PF10TBT:[60]PCBM subcell, the measured EQE was
mathematically corrected for the intensity difference between the monochromatic light and
AM1.5G. In order to maintain the short circuit conditions for the measured subcell in a tandem
device, the extra electrical bias was applied by the lock-in-amplifier during the EQE
measurements. A calibrated silicon solar cell was used as reference. Devices were kept behind a
quartz window in a nitrogen filled box during the measurements.
Layer thicknesses were measured with ‘Veeco Dektak 150’ Surface Profiler.
UV/vis absorption spectra of the active layers spin cast on glass were measured with a PerkinElmer Lambda 900 spectrometer.
Simulation
The details of the procedure have been described elsewhere20. The optical modeling was done in
SetFosTM version 2.1.439 (Fluxim AG, Switzerland) interfaced to a home built program using
PythonTM 2.6 scripts. The optical constants were mostly available from literature20, and for
PDPPTPT:[60]PCBM determined from reflection/transmission measurements on active layers
on quartz.
Electrolysis experiments
Platinum electrodes used in the experiments were 5 cm long and 0.35 mm in diameter. The I-V
curve of the solar cell was recorded by varying the depth of the electrodes inside the 1.0 M KOH
electrolyte from 0 to 4 cm depth. For higher current generation, four triple junction solar cells
with areas varying between 0.09 cm2 and 0.16 cm2 were connected in parallel. The solar cells were
illuminated by an arbitrary white light source with a power density of less than 100 mW cm-2.
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Library of Oxygen and Hydrogen
Evolution Catalysts for
Photoelectrochemical Water Splitting

Abstract
The field of electrocatalysts for water splitting is explored in terms of overpotentials for
oxygen and hydrogen evolution reactions, and stability. Several examples of well-known
catalysts from precious metals or earth-abundant metals were prepared and characterized to
evaluate their applicability for a photoelectrochemical water splitting device. RuO 2 and IrO2
catalysts deposited on Ti substrates by thermal decomposition resulted in the best catalytic
activity for the oxygen evolution reaction with overpotentials of around 0.30 V at 5 mA cm-2
for both catalysts. Co-borate (CoBi) was the best earth-abundant oxygen evolution catalyst
with a 0.35 V overpotential at 5 mA cm-2. For hydrogen evolution, RuO2 deposited on a Ti
substrate by thermal decomposition, showed remarkably good catalytic activity with
overpotentials as low as 0.11 V at 5 mA cm-2. The NiMoZn catalyst was a suitable earthabundant catalyst for the hydrogen evolution reaction, especially when used at low current
densities of around 1 mA cm-2. The best stability was observed for RuO2 catalysts deposited on
a Ti substrate by thermal decomposition, both for oxygen and hydrogen evolution. The
catalysts showed stable operation for at least a couple of hours and could be reused afterwards.

Chapter 3

3.1 Introduction
The overall efficiency of photoelectrochemical (PEC) water splitting is determined by the
individual efficiencies of photovoltaic conversion and water electrolysis. For the electrolysis
efficiency, it is important to bring the water splitting potential as close as possible to the
0
) of 1.23 V, at 25 °C to minimize losses.1 The extent of the deviation
reversible potential (EH
2O

between the required potential for water splitting (VWS ) and E0H2 O is determined by a couple of
parameters. These parameters can be summarized as: the type of electrodes and catalysts, their
surface properties, the electrolyte, operating current density and the resistive effect of any
additional elements such as a membrane in the electrolytic cell.2 VWS can then be expressed
as:3,4
VWS = E0H2 O + ηO + ηH + ηR
2

2

(3.1)

Where, ηO and ηH are the overpotential losses at the anode and the cathode respectively.
2

2

Depending on the electrical connections, electrolyte and the cell design (if a membrane is
used), an additional resistive voltage loss (ηR ) is also involved. In electrolytic cells with highly
conductive electrolytes and simple cell designs with one compartment, the resistive losses (ηR )
are in fact marginal compared to the overpotentials at the electrodes.5 Depending on the type
of the electrode and catalyst, type of the electrolyte and the current density during water
splitting, the overpotentials vary for oxygen and hydrogen evolving electrodes and water
splitting potentials typically lie in the range of 1.4-1.9 V.6,7 Hence, research has focused on
finding better hydrogen and oxygen evolution catalysts to bring the water splitting potentials as
close as possible to the thermodynamic lower limit of 1.23 V.
In general the most efficient catalysts in terms of low overpotentials require the use of precious
transition metals or their oxides. A comparison of catalyst activities for water splitting can be
found in ‘volcano plots’ for oxygen and hydrogen evolution reactions (Figure 3.1). These plots
show a characteristic trend that points out an optimum bond strength between the reaction
species and the catalyst material. Volcano plots suggest that the bond strength between the
electrode catalyst and the reaction intermediates should be at an intermediate level for lowest
overpotentials. For the hydrogen evolution reaction (HER) taking place on a metal surface, the
bond strength between hydrogen and the metal plays a role in the catalyst’s activity. Hydrogen
atoms should bind to the adsorption site strong enough to form the H2 molecules, but not too
strong to make it difficult for the H 2 to desorb.8 Similarly, for the oxygen evolution reaction
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(OER) taking place on a metal oxide surface, the bond strength between metal oxide and
reaction intermediates needs to be at a moderate level. Figure 3.1 shows the volcano plots for
the hydrogen and oxygen evolution catalysts. For hydrogen evolution, the relation of exchange
current densities (at η = 0) to the metal-hydrogen bond strength is plotted. During oxygen
evolution, the metal oxide is proposed to go through a redox transition as well. Therefore, for
oxygen evolution, the relation between overpotential at a fixed current density to the enthalpy
of a lower to higher oxide transition is plotted.6
(a)

(b)

Figure 3.1 (a) Volcano plot showing the exchange current densities in acid versus metal-hydrogen bond strengths for
hydrogen evolution reaction on metals.6,9 (b) Volcano plot showing the overpotentials at a fixed current density versus
enthalpy of lower to higher oxide transition for oxygen evolution reaction on metal oxides. Closed circles: in acid,
open circles: in base.6,10 Reprinted with permission from Ref. 6. Copyright (2010) American Chemical Society.

Since the oxygen evolution reaction is a more complex process involving four electron
transfers, the overpotentials for oxygen evolution are in general higher than that for the
hydrogen evolution reaction. The volcano plots suggest that RuO2 and IrO2 are the best
oxygen evolution catalysts, while Pt is the most active catalyst for the hydrogen evolution.
Hence, these catalysts have already been employed in photoelectrochemical water splitting
since the early stages of research on electrocatalysis. By combining these precious metal based
catalysts with various inorganic solar cells, significant solar to hydrogen conversion efficiencies
have been reached. Well known examples include the work of Turner et al.11 where two Pt
electrodes for oxygen and hydrogen evolution were combined for water splitting with tandem
and triple junction inorganic solar cells for ηSTH = 5%. Another very high efficiency solar water
splitting cell, developed by Licht et al.,12 uses RuO2 and Ptblack electrodes for oxygen and
hydrogen evolution. By combining a small area Si/Al0.15Ga0.85As tandem cell with large area
catalysts, the current density and overpotentials at the electrodes are minimized. Thus, water
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splitting took place at 1.36 V with ηSTH = 18.3%. Jacobsson et al.13 have demonstrated PEC
water splitting using two platinum foils decorated with platinum nanoparticles for oxygen and
hydrogen evolution at 1.73 V with ηSTH = 10%. The work of Lin et al.14 also combined RuO2
and Pt electrodes for photoelectrochemical water splitting.
As suggested by the volcano plots, catalysts from earth-abundant materials lead to higher
overpotentials, both for oxygen and hydrogen evolution reactions. However, to reduce the
costs and avoid the use of rare elements, catalysts from earth-abundant materials with
promising activities are lately being developed and employed in solar water splitting devices.
The artificial leaf developed by Nocera et al.15 has reached ηSTH = 2.5% for a standalone device
that uses earth-abundant nickel-molybdenum-zinc (NiMoZn) and cobalt oxide cubane (CoO)
catalysts for hydrogen and oxygen evolution reactions. Yamada et al.16 have used cobaltmolybdenum (Co-Mo) and iron-nickel oxide (Fe-Ni-O) electrodes for hydrogen and oxygen
evolution in an integrated water splitting device. Frites et al.17 combined earth-abundant
manganese(III) oxide (Mn2O3) for oxygen evolution with Pt for hydrogen evolution in a
standalone PEC cell. Grätzel et al. have reported ηSTH = 12.3% water splitting with two series
connected lead perovskite solar cells and a NiFe layered double hydroxide for hydrogen and
oxygen evolution at ~1.50 V.18
Catalyst stability is another nontrivial issue in electrocatalysts. For longer lifetime, the catalysts
need to be strongly bound to the electrodes and they should also be stable in the specific
electrolyte in which they operate. A catalyst which dissolves, oxidizes or reduces during the
electrolysis reaction is not desired. Various theoretical and experimental studies have been used
to determine the stability of specific catalysts in electrolytes of varying pH values and applied
potentials for hydrogen and oxygen evolution reactions. Pourbaix diagrams 19 shown in Figure
3.2, for instance, can be used to identify the thermodynamic stability windows of RuO2 and
IrO2 catalysts. According to the Pourbaix diagram of Ir, IrO 2 is more stable in acidic media
when used as an oxygen evolution catalyst. Immobilizing a catalyst on the electrode is another
challenging issue, because catalysts often tend to delaminate, especially during active gas
evolution phases. Some of the approaches to attach the catalysts onto conductive surfaces
include the use of Nafion® to make a paste for better sticking purposes. 20,21 Another method
involves mixing the catalyst with a conductive polymer such as PEDOT:PSS for the same
principle.22
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(a)

(b)

Figure 3.2 Potential-pH diagrams for metal-water systems at 25 °C (Pourbaix diagrams) for (a) Ru and (b) Ir metals,
showing the thermodynamic stability windows of the RuO2 and IrO2 catalysts at varying pH and potentials.19
Reproduced with permission from Ref. 19. Copyright 1959, Johnson Matthey Plc.

In this chapter, we present the elementary studies performed for reproducing and
characterizing various hydrogen and oxygen evolution catalysts. Not only catalysts from
precious metals with low overpotentials, but also catalysts from earth-abundant materials were
made, characterized and their applicability for solar water splitting purposes was investigated.
Moreover, the effect of various deposition methods on catalyst performance and stability were
studied. Adherence of catalysts on different electrodes was also investigated. As a result,
different catalysts, deposition techniques and electrodes were explored and among these
options, the best ones for hydrogen and oxygen evolution reactions were pointed out to be
combined with an organic solar cell in the future.

3.2 Oxygen evolution reaction catalysts from precious metals
The characterization of the catalysts or the electrodes was performed by measuring their
current density versus applied potential, and converting this into a Tafel plot that allows to
relate the rate of the electrochemical reaction to the overpotential. Figure 3.3 compares the
electrocatalytic activities of two well-known catalysts, Pt and RuO2 for oxygen evolution
reaction in 1.0 M KOH electrolyte. The RuO2 catalyst was deposited onto a Ti wire from an
aqueous RuCl3 solution followed by a thermal decomposition process at elevated
temperatures.12,23,24 The superior activity of RuO 2 over Pt for oxygen evolution reaction is
clearly observed in Figure 3.3. Furthermore, different Tafel slopes (106 mV decade-1 for Pt and
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38 mV decade-1 for RuO2), indicate different reaction rates taking place at the catalytic surfaces
in the measured current density range.2,25 Due to its lower Tafel slope, the RuO2 catalyst shows
a more favorable overpotential at higher current densities.
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Figure 3.3 Tafel plots for the oxygen evolution reactions at RuO2 and Pt electrodes in 1.0 M KOH. The RuO2 catalyst
is deposited on a Ti wire through thermal decomposition of RuCl3.

Another well-known method of depositing RuO2 is by electrodeposition from aqueous RuCl 3
solution by cyclic voltammetry (CV).26-28 As shown in Figure 3.4, electrodeposited RuO2 on Ti
wire is a better catalyst than Pt for OER but is not comparable to RuO 2 deposited onto Ti by
thermal decomposition. Possible reasons could be a different catalyst thickness and roughness,
or less good attachment of electrodeposited RuO2 on the Ti wire. When RuO2 was
electrodeposited on indium tin oxide (ITO) sustrates,26,28 we observed that the
electrodeposited layers were not very stable when used for oxygen evolution and would
delaminate completely in the course of 1 to 2 hours of operation.
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Figure 3.4 Tafel plots for various OER catalysts from precious metal oxides. All catalysts were tested in 1.0 M KOH
except for the electrodeposited IrO2 catalysts, which were tested in 0.1 M H2SO4 All measurements were corrected for
the iR drop. TD = thermal decomposition, ED = electrodeposition.

To obtain more insight into the layer thickness and surface roughness, the surface properties
of the RuO2 catalyst, deposited on a Ti wire by thermal decomposition, were investigated with
scanning electron microscopy (SEM). Unfortunately, it was not possible to clearly distinguish
the catalyst layer on the Ti wire in the SEM image (Figure 3.5). The expected thickness of
catalyst was around a couple of micrometers. Nevertheless, it is clear from the image that the
catalyst surface is rough, which causes a difference between the geometric and the actual
catalyst surface areas. As the geometric surface area is used in calculations for the Tafel plot,
the catalyst activity may be overestimated. When RuO2 was deposited by thermal
decomposition on a Ti plate with high roughness, the Tafel slope is the same as for RuO2
deposited on a Ti wire (~ 38 mV decade-1) (Figure 3.4). However, the catalyst deposited on a
high roughness Ti plate surface has lower overpotentials compared to RuO2 deposited onto the
Ti wire (Figure 3.4). We attribute this to the difference between the geometric and actual
catalyst surface area.
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Figure 3.5 SEM images of RuO2 deposited onto Ti wire by thermal decomposition of RuCl3. Metal wire is cut after
deposition of the catalyst. Scale bars are 200, 50, and 5 μm in the images from left to right.

The electrocatalytic properties of the second well-known OER catalyst, iridium oxide (IrO2)
are comparable to RuO2. It is also known that the IrO2 catalyst is more stable than RuO2.29,30
Therefore, IrO2 was also investigated as a catalyst for the OER. IrO2 was deposited via thermal
decomposition31 and electrodeposition32 from IrCl3 onto Ti wire or ITO substrates. Catalytic
activities of various IrO2 layers are compared in Figure 3.4 indicating that the catalysts
deposited via thermal decomposition have lower overpotentials over the whole range of
current density. The overpotentials for the electrodeposited layers are higher and increase
significantly at high current densities. Poor stability was also observed for electrodeposited
IrO2 layers compared to layers from thermal decomposition. IrO 2 from thermal decomposition
shows a comparable activity with the RuO2 catalyst as expected. Both catalysts have an
overpotential of around 0.30 V at 5 mA cm-2 current density on the catalyst surface.

3.3 Oxygen evolution reaction catalysts from earth-abundant
metals
As can be observed in the volcano plot (Figure 3.1b), the oxygen evolution reaction takes place
at higher overpotentials when catalysts from earth-abundant metals are used instead of
precious metals. On the other hand, various earth-abundant metal oxides such as MnO 2, NiOx,
CoOx and Fe2O3 are frequently used for solar water splitting purposes due to their reasonable
catalytic activities and lower costs.3,17,18,33 Here, we have focused on iron and cobalt based
oxides for oxygen evolution.
Various forms of cobalt oxide layers are lately being chosen as effective catalysts for the
oxygen evolution reaction. Cobalt phosphate (CoPi)34 and cobalt borate (CoBi)15 catalysts have
long stability due to their self-healing abilities in potassium phosphate (KPi) and potassium
borate (KBi) electrolytes respectively. These electrocatalysts operate at near-neutral pH
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conditions (0.1 M KPi at pH 7 and 0.1 M KBi at pH 9.2), which is beneficial for the stability of
a counter electrode for hydrogen evolution. Both catalysts can be electrodeposited onto ITO
substrates at desired thicknesses. Tafel plots for the optimized CoPi and CoBi thicknesses are
shown in Figure 3.6. Especially the CoBi catalyst shows significantly high activities.
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Figure 3.6 Tafel plots for various OER catalysts from earth-abundant metal oxides. All catalysts were deposited onto
ITO except for Fe2O3 which was deposited on a Ti wire. All measurements were corrected for the iR drop.

With an overpotential of 0.35 V at 5 mA cm-2 current density the catalytic performance of
CoBi is close to that of the RuO2 and IrO2 catalysts. This high catalytic activity might partially
be attributed to the differences between geometric and actual surface areas. SEM images of a
CoBi film in Figure 3.7 show two degrees of irregularities; an underlying cracked layer due to
drying of the catalyst and extra features on the surface. The extra features increase the
roughness and the catalyst surface area. The CoPi catalyst on the other hand shows a good
performance at low current densities, but overpotentials increase significantly with increasing
current density resulting in 0.61 V of overpotential at 5 mA cm-2 (Figure 3.6).

Figure 3.7 SEM images of CoBi electrodeposited onto ITO (scale bars are 50 μm and 5 μm).

Another cobalt based catalyst that can also be solution processed is cobalt oxide nanoparticles
(Co3O4).35 Co3O4 nanoparticles are synthesized from cobalt (II) acetate precursor and are
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dispersed in methanol. The catalyst is then ready for spin coating or drop casting onto
conductive surfaces. Transmission electron microscopy (TEM) measurements have shown that
the nanoparticles were 3-5 nm in size (Figure 3.8a), which is also in line with the literature
procedure.35 The catalyst is prepared by drop casting Co3O4 nanoparticles onto an ITO
substrate and annealing in hot air of 400 to 500 °C for 1 to 2 min. to improve the attachment
of the particles onto the ITO layer. The catalyst is characterized in 0.1 M KBi electrolyte.
Co3O4 nanoparticles show a comparable performance with the CoPi catalyst with 0.54 V of
overpotential at 5 mA cm-2 (Figure 3.6). The SEM images (Figure 3.8) show some irregularities
at the micrometer scale, however, the overall layer is smoother than the CoBi catalyst.
(a)

(b)

Figure 3.8 (a) TEM image of Co3O4 nanoparticles (scale bar is 50 nm). (b) SEM images of the Co3O4 catalyst drop
casted on ITO and annealed in hot air of 400 to 500 °C for 1 to 2 min. (scale bars are 50 μm and 5 μm).

Iron, as an easily accessible metal, is also used to catalyze the oxygen evolution reaction at its
various forms of oxides. Here, the catalytic properties of iron(III) oxide (Fe 2O3) and iron(III)
oxide-hydroxide (FeOOH) were investigated. Fe2O3 was deposited on Ti wire by thermal
decomposition of FeCl3.36,37 Characterization in 1.0 M KOH (Figure 3.6) shows less activity
for the OER than any other tested earth-abundant catalyst. The overpotential at 5 mA cm-2 is
measured as 0.69 V. Due to its poor performance, further analysis of this catalyst was not
performed. Amorphous iron(III) oxide-hydroxide (a-FeOOH) catalyst, however, showed
superior performances over the Fe 2O3 for oxygen evolution.38 a-FeOOH was electrodeposited
from FeCl2 solution on ITO substrates. X-ray photoelectron spectroscopy (XPS)
measurements have shown that the deposited catalyst was composed of a mixture of Fe 2O3
and FeOOH, in accordance with previous results.38 After annealing at 500 °C for 2 hours in
air, the Fe2O3 content increases and consequently, the electrocatalytic behavior of this annealed
sample is not as good as the as-deposited a-FeOOH. The a-FeOOH catalyst layer with an
optimized thickness of around 100 nm was characterized in 1.0 M Na2CO3. Its performance
was found to be comparable to that of Co3O4 nanoparticles and the CoPi catalyst. An
overpotential of 0.56 V was measured at 5 mA cm-2.
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3.4 Hydrogen evolution reaction catalysts
The electrocatalytic properties of RuO2 have been studied for a significant time, not only for
oxygen evolution but also as employing RuO2 as a hydrogen evolution catalyst. 39-41 RuO2 is
actually a remarkably good electrocatalyst for hydrogen evolution as a result of an activation
that occurs under reductive conditions and that is considered as an intrinsic property of the
oxide.39,42 For hydrogen evolution, RuO2 catalysts were prepared using the same methods as
RuO2 for oxygen evolution. The best catalytic activity was observed when the catalyst was
deposited onto a Ti plate from thermal decomposition of RuCl3 and characterized in 1.0 M
KOH. The measured overpotential of 0.11 V at 5 mA cm-2 is lower than that of the Pt wire for
HER in the same electrolyte (0.21 V), which we attribute to the high roughness of the Ti plate
used (Figure 3.9).
Unlike the case for the oxygen evolution catalyst, electrodeposited RuO2 layers can stand
longer operating conditions when used as HER catalysts. RuO 2 was electrodeposited onto Ti
wire and ITO substrate from RuCl3 solution by a number of CV cycles that determine the
catalyst thickness. It was observed that the catalyst deposited on Ti wire has lower
overpotentials at high current densities than the catalyst deposited onto smooth ITO layer
(Figure 3.9). This might be because the catalyst can attach better onto the rough Ti surface and
ITO is not very stable in the 1.0 M KOH electrolyte where the characterization is performed.
Similar to RuO2, IrO2 is also used as a hydrogen evolution catalyst. 43-45 Hence we also explored
the electrocatalytic properties of IrO2 as a hydrogen evolution catalyst. The IrO2 deposited on
a Ti wire by thermal decomposition of IrCl3 was characterized in 1.0 M KOH. This catalyst
was also found to be a remarkable option for hydrogen evolution with a low overpotential of
0.18 V at 5 mA cm-2.
Nickel based earth-abundant hydrogen evolution catalysts have been investigated and used for
hydrogen evolution.46-49 Among the available options of hydrogen evolution catalysts, many
nickel compounds are used under harsh conditions with pH values above 13 or below 1. 46-49
However, the NiMoZn catalyst developed by Nocera et al.15 was shown to work well in the
KBi electrolyte. The catalyst is made by electrodeposition onto a nickel (Ni) substrate. 15 The
Tafel plot for NiMoZn in 0.1 M KBi for hydrogen evolution shows that the catalyst requires
very low overpotentials of about 0.1 V for current densities up to 1 mA cm -2 (Figure 3.9).
However, the overpotential increases significantly when the current density is increased. The
superior catalytic properties of NiMoZn become clearer when its Tafel plot is compared to
that of the bare Ni substrate as HER electrode in 0.1 M KBi (Figure 3.9).
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Figure 3.9 Tafel plots for various HER catalysts. All catalysts were measured in 1.0 M KOH except for Ni and
NiMoZn, which were measured in 0.1 M KBi. All measurements were corrected for the iR drop. TD = thermal
decomposition, ED = electrodeposition.

Tandem or triple junction polymer solar cells are able generate 5 to 10 mA cm -2 at their
maximum power points. If a PEC water splitting device is designed to have the same solar cell
and catalyst surface areas, the same current density will be present on the catalyst surfaces as
well. Therefore, the overpotential at 5 mA cm-2 is selected as the figure of merit to compare
the performances of various catalysts for oxygen and hydrogen evolution reactions. Table 3.1
summarizes the overpotentials of all the catalysts and electrodes used in this study at 5 mA cm 2.

Among the investigated OER catalysts from precious metals, both RuO 2 and IrO2 deposited

in Ti substrates showed the best results. Also due to their ease of deposition, these catalysts
form promising candidates as possible OER catalysts to be employed in a solar water splitting
cell. Among the earth-abundant oxygen evolution catalysts that were investigated, CoBi was
found to provide the best catalytic activity. However, CoBi catalyst is deposited by
electrodeposition. For ease of processing, a catalyst that can quickly be solution processed such
as Co3O4 nanoparticles is also a promising candidate for solar water splitting purposes. In each
case, the ability of these catalysts to operate in near-neutral pH conditions is considered to be
beneficial for the stability of these electrodes. The best HER catalyst investigated in this study
turned out to be RuO2 deposited on a rough Ti substrate. However, as an earth-abundant
catalyst option, the NiMoZn catalyst had a comparable performance with the catalysts from
precious metals at 5 mA cm-2 with an overpotential of 0.24 V.
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Table 3.1 Overpotentials (η) of various electrodes and catalysts for OER and HER at 5 mA cm-2 in their characterized
electrolytes.

Oxygen evolution reaction catalysts
Electrolyte
Bare Ti
1.0 M KOH
Pt wire
1.0 M KOH
RuO2 on Ti plate – thermal decomposition
1.0 M KOH
RuO2 on Ti wire – electrodeposition
1.0 M KOH
IrO2 on Ti wire – thermal decomposition
1.0 M KOH
IrO2 on Ti wire – electrodeposition
0.1 M H2SO4
IrO2 on ITO – electrodeposition
0.1 M H2SO4
Fe2O3 on Ti wire - thermal decomposition
1.0 M KOH
FeOOH on ITO – electrodeposition
1.0 M Na2CO3
CoPi on ITO – electrodeposition
0.1 M KPi
CoBi on ITO – electrodeposition
0.1 M KBi
Co3O4 nanoparticles on ITO
0.1 M KBi

η at 5 mA cm-2 [V]
0.93
0.65
0.30
0.54
0.31
0.39
0.42
0.69
0.56
0.61
0.35
0.54

Hydrogen evolution reaction catalysts
Catalyst
Electrolyte
Pt wire
1.0 M KOH
RuO2 on Ti plate – thermal decomposition
1.0 M KOH
RuO2 on Ti wire – electrodeposition
1.0 M KOH
RuO2 on ITO – electrodeposition
1.0 M KOH
IrO2 on Ti wire – electrodeposition
1.0 M KOH
Bare Ni
0.1 M KBi
NiMoZn on Ni – electrodeposition
0.1 M KBi

η at 5 mA cm-2 [V]
0.21
0.11
0.26
0.30
0.18
0.62
0.24

Catalyst

3.5 Catalyst adhesion and stability
Immobilizing a catalyst on an electrode is a challenging task as the catalysts in general tend to
delaminate during operation. Furthermore, electrodes for oxygen and hydrogen evolution
reactions should either be composed of inert metals or they should be completely covered with
the catalyst such that they are not oxidized or reduced during the electrolysis reaction. In this
respect, the most suitable and frequently used electrodes for water electrolysis are titanium,
ITO, gold, nickel and fluorine doped tin oxide (FTO). As ITO is commonly employed as an
electrode in polymer solar cells, it is convenient to apply the catalyst layers directly onto ITO
to create a monolithic device. Therefore, extensive efforts have been spent on adhering
catalysts onto the ITO substrates. In general, electrodeposition techniques onto ITO substrates
gave successful results in terms of stability. Especially CoPi, CoBi and FeOOH
electrodeposited onto ITO had almost no stability related issues. Electrodeposited RuO 2
however, worked only if it is used as HER catalyst on ITO. Drop cast Co3O4 nanoparticles
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were also very stable on ITO, which, in our opinion, is related to the post annealing at elevated
temperatures to improve adhesion. Gold was another inert option as a conductive electrode to
hold the catalysts; however, in our experiments it was not successful in terms of catalyst
attachment. It was not possible to electrodeposit RuO2 on a substrate of 100 nm gold
evaporated on glass. Attaching RuO2 via thermal decomposition onto gold was achieved on
few occasions, but was not reproducible. The best electrode for catalyst attachment was Ti as a
metal wire or a metal plate. A 100 nm Ti layer evaporated on glass substrate was also not
suitable for electrodeposition. The summary of catalyst adhesion on conductive surfaces is also
presented in Table 3.2. Especially RuO2 catalysts deposited on rough Ti plates were stable for
hours of water splitting tests both as oxygen and hydrogen evolution catalysts. Figure 3.10
shows stability curves for two sets of OER-HER catalysts. Figure 3.10a shows the stability of
two RuO2 catalysts deposited on a Ti plate for OER and HER reactions in 1.0 M KOH. Figure
3.10b shows data for earth-abundant Co3O4 and NiMoZn catalysts for OER and HER
reactions in 0.1 M KBi. The two-electrode measurements were performed at applied potentials
of 1.65 V and 1.85 V for 20 min. Especially after 15 min., current flow in both electrochemical
cells significantly stabilizes.
It is also important to consider if the catalyst is thermodynamically stable in the electrolyte at
the applied potential. Therefore during catalyst selection one should also take into account the
Pourbaix diagrams to know if the metal or oxide will be stable in the long run. RuO 2 catalyst
for example is not completely stable for oxygen evolution reaction as it may oxidize further to
one of its other states which are soluble.50 We have also observed that if a RuO2 catalyst is
continuously kept in 1.0 M KOH for two days without operating, noticeable decrease in its
catalytic activity takes place.
(a)

(b)
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Figure 3.10 Stability of (a) RuO2 - RuO2 electrodes as OER and HER catalysts in 1.0 M KOH and (b) Co3O4 NiMoZn electrodes as OER and HER catalysts in 0.1 M KBi. For a two-electrode water splitting test of 20 min. 1.65
V and 1.85 V of potentials were applied respectively. RuO2 catalysts were deposited on Ti plates by thermal
decomposition.
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Table 3.2 Adhesion qualities of various catalysts deposited on various conductive surfaces. (3) represents good
adhesion, (2) represents poor adhesion (~) represents occasional adhesion and (-) represents adhesion not tested

Catalyst
RuO2 - thermal decomposition
RuO2 - electrodeposition
IrO2 - thermal decomposition
IrO2 - electrodeposition
Fe2O3 - thermal decomposition
FeOOH - electrodeposition
CoBi - electrodeposition
CoPi - electrodeposition
Co3O4 nanoparticles
NiMoZn

wire

9
9
9
9
9
-

Titanium
metal
evaporated
plate
on glass

9
-

~
8
-

Gold
evaporated
on glass

~
8
-

ITO
on
glass

8
98
8
9
9
9
9
9
-

Nickel
metal
plate

9

3.6 Conclusions
Water electrolysis in practice unfortunately does not take place at 1.23 V, but at higher
potentials due to the overpotentials at the oxygen and hydrogen evolution sites. Besides the
electrolyte and the current density, overpotentials predominantly depend on the electrode
material or the electrocatalysts used. Hence, the selection of catalysts is crucial to reduce
overpotentials. Moreover, stability and immobilizing a catalyst on the electrode are critical
issues for a catalyst to be selected for a possible PEC water splitting device. In this study, a
number of precious and earth-abundant catalysts were reproduced and characterized. Catalysts
from precious metals resulted in lower overpotentials compared to catalysts from earthabundant materials as expected. RuO2 catalysts deposited onto Ti plates through thermal
decomposition proved the best performance both for oxygen and hydrogen evolution
reactions with 0.30 V and 0.11 V of overpotentials at 5 mA cm-2 respectively. These catalysts
have also shown the best stability in terms of catalyst attachment on the substrate. Among the
earth-abundant catalysts, CoBi electrodeposited on ITO showed the best activity for oxygen
evolution with 0.35 V of overpotential at 5 mA cm-2. However, despite its higher overpotential,
the OER catalyst from Co3O4 nanoparticles is also an attractive option due to its ease of
application through solution processing and strong adhesion onto the ITO layer. The only
earth-abundant HER catalyst studied here was NiMoZn electrodeposited on Ni plate.
NiMoZn requires low overpotentials between 0.1-0.3 V at low current densities but high
overpotentials above 5 mA cm-2.
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3.7 Experimental
Materials
All commercial chemicals were used as received. Cobalt(II) acetate tetrahydrate (99.999% trace
metals basis), nickel foil (thickness 0.125 mm, ≥99.9%), titanium wire (0.25 mm diameter, 99.7%
trace metals basis), iridium(III) chloride hydrate (reagent grade), potassium tetraborate
tetrahydrate (≥99.0%), sodium molybdate dihydrate (≥99.5%), 1-methylimidazole (ReagentPlus®,
99%) and iron(II) chloride tetrahydrate (≥99.0%) were obtained from Sigma-Aldrich. Nickel(II)
sulfamate hydrate, and zinc chloride (anhydrous, 98+%) were obtained from Alfa Aesar.
Ruthenium(III) chloride (35-40% Ru) and iron(III) chloride anhydrous (98%) was obtained from
Acros Organics. Platinum plate and wires were obtained from Drijfhout. Water used in
depositions and electrolytes was purified in a Millipore system and has a resistance of at least 18
MΩ.
Substrates
ITO covered glass slides (Naranjo substrates), 3 cm × 3 cm in size with 150-200 nm ITO
thickness were first sonicated in acetone then in soapy water and then in isopropanol. Afterwards
they were treated with air plasma in a Femto PCCE low pressure plasma system (Diener
Electronic). A 270 W plasma was applied for 2 min. Before layer deposition, glass slides were cut
into three slides of 1 cm × 3 cm. Clean Ti wire was cut to a length of around 5 cm and used as it
is. Ti plates with 0.5 mm thickness and 1.5 cm × 2 cm area were sonicated in acetone and then
treated with air plasma at 270 W for 2 min. before catalyst deposition. Pt wire with a diameter of
0.8 mm had a length of 3 cm. When Pt wire is used as an electrode, the desired length was dipped
into the electrolyte or the undesired part was covered with Kapton ® tape or Scotch® tape.
RuO2 catalysts from thermal decomposition
RuO2 was prepared through thermal decomposition of RuCl 3. 0.2 M of aqueous RuCl3 was used
for deposition. Catalysts deposited onto Ti wire were prepared by dipping the wire into this
solution and annealing with a heat gun at 400-500 °C for 1 min. and repeating this 20 times to
increase thickness. In the case of the catalyst deposited on Ti plate, 200 μL of this solution was
placed onto the titanium substrate to form a catalyst area of about 1.3 cm 2. The substrate was
then dried on a 90 °C hot plate for 20 min. and then oxidized in a 350 °C oven for 3 h. The same
procedures were used to prepare oxygen and hydrogen evolution RuO 2 catalysts.
RuO2 catalysts by electrodeposition
The electrodeposition procedure of RuO 2 was adapted from literature. 27 Aqueous solution of 5
mM RuCl3·xH2O was placed in a single compartment electrochemical cell. A semi-circular Pt
plate with a diameter of 3 cm was used as counter electrode together with Ag/AgCl reference
electrode in 3 M KCl. The working electrode was either ITO covered glass substrate or Ti wire
with a specified area available for deposition. Electrodeposition of RuO 2 layer was performed
through 100 CV cycles between 0.0-1.0 V versus Ag/AgCl. Afterwards the catalyst was annealed
in air at 200 °C for 3 h to form an amorphous film that also sticks well onto the substrate. The
same procedure was used to prepare oxygen and hydrogen evolution RuO2 catalysts.
IrO2 catalysts from thermal decomposition
IrO2 was prepared through thermal decomposition of IrCl 3. 0.2 M of aqueous IrCl3 was used for
deposition. Catalysts deposited onto Ti wire were prepared by dipping the wire into this solution
and annealing with a heat gun at 400-500 °C for 1 min. and repeating this 20 times to increase
thickness. The same procedures were used to prepare oxygen and hydrogen evolution IrO 2
catalysts.
IrO2 catalysts by electrodeposition
The electrodeposition procedure of IrO 2 was adapted from literature. 32 Aqueous solution of 5
mM IrCl3, 10 mL L-1 hydrogen peroxide (H2O2) and 5 g l-1 oxalic acid dehydrate (H2C2O4 · H2O)
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was placed in a single compartment electrochemical cell. Anhydrous potassium carbonate
(K2CO3) was then added to adjust the pH of this solution to 10.5. A semi-circular Pt plate with a
diameter of 3 cm was used as counter electrode together with Ag/AgCl reference electrode in 3
M KCl. The working electrode was either ITO covered glass substrate or Ti wire with a specified
area available for deposition. Electrodeposition took place at 1.0 V versus Ag/AgCl for 30 min.
without iR compensation.
CoBi catalyst
The preparation procedure of CoBi coated electrode was adapted from literature. 34 In an in-house
built three-compartment electrochemical cell with a glass frit junction of fine porosity, in situ
catalyst formation has taken place. For electrodeposition, the working side held 40 mL of a 0.1 M
K2B4O7 solution (pH 9.2) containing 0.5 mM Co2+ and the auxiliary side held 40 mL of a 0.1 M
K2B4O7 solution (pH 9.2). The working electrode was a 1.5 cm × 3 cm piece of ITO-coated glass
of which 1 cm × 1.5 cm was available for electrodeposition. The remaining part was taped off
using Scotch® tape. A semi-circular Pt plate with a diameter of 3 cm was used as counter
electrode together with Ag/AgCl reference electrode in 3 M KCl. Electrodeposition of the CoBi
layer was performed at 1.09 V versus Ag/AgCl for 26 s to 1.5 h, with mediate stirring and without
iR compensation. The compartment containing the reference electrode was connected to the
working electrode compartment with a Luggin capillary.
CoPi catalyst
The preparation procedure of CoPi coated electrode was adapted from literature. 51 In an in-house
built three-compartment electrochemical cell with a glass frit junction of fine porosity, in situ
catalyst formation has taken place. For electrodeposition, the working side held 40 mL of a 0.1 M
KH2PO4/K2HPO4 solution (pH 7) containing 0.5 mM Co2+ and the auxiliary side held 40 mL of
a 0.1 M KH2PO4/K2HPO4 solution (pH 7). The working electrode was a 1.5 cm × 3 cm piece of
ITO-coated glass of which 1 cm × 1.5 cm was available for electrodeposition. The remaining part
was taped off using Scotch® tape. A semi-circular Pt plate with a diameter of 3 cm was used as
counter electrode together with Ag/AgCl reference electrode in 3 M KCl. Electrodeposition of
the CoPi layer was performed at 1.09 V versus Ag/AgCl for 20 min to 48 h, depending on the
desired thickness, without iR compensation. The compartment containing the reference electrode
was connected to the working electrode compartment with a Luggin capillary.
Co3O4 catalyst
Synthesis of Co3O4 nanoparticles
The synthesis procedure of Co 3O4 nanoparticles was adapted from literature. 35 Under constant
magnetic stirring at 45 °C, cobalt(II) acetate tetrahydrate (0.5 g) was dissolved in a mixture of
ultra-pure water (2 mL) and ethanol (23 mL). After 15 min, ammonia (25+ %, 3.3 mL) was added
dropwise. The reaction mixture was heated to 80 °C and kept there for 3 h under reflux to enable
the formation of the nanoparticles. To this crude product mixture, acetone (100 mL) was added
to start precipitation. To improve separation, the mixture was centrifuged for 20 min. at 2000
rpm. After decanting the solvent, methanol (12 mL) and acetone (120 mL) were added to the
precipitate, followed by centrifugation at 2000 rpm for 20 min. The precipitated particles were
redispersed in methanol (>25 mL).
Co3O4 electrode preparation
A solution of the Co3O4 nanoparticles (250 μL, circa 3 mg mL-1) was placed onto a pre-heated
ITO coated glass slide at 110 °C to form a catalyst area of around 1 cm 2. After 5 min, the covered
ITO slide is heated with a heat gun at 400-500 °C for several minutes to improve binding of the
nanoparticles to the substrate.
Fe2O3 catalyst from thermal decomposition
For the Fe2O3 catalysts, an aqueous solution of 0.5 M iron(III) chloride (FeCl3) was prepared. Ti
wire was then dipped into this solution and annealed with a heat gun at 400-500 °C for 1 min.
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This process was repeated by 10 times to increase thickness. It was not possible to determine the
catalyst thickness on the Ti wire.
FeOOH catalyst by electrodeposition
The preparation procedure of FeOOH catalyst was adapted from literature. 38 An aqueous
solution of 140 mL 0.4 M sodium chloride (NaCl) and 0.1 M 1-methylimidazole (NMI) was
prepared first. Another aqueous solution of 3 mL 0.5 M iron chloride tetra hydrate (FeCl 2) was
prepared separately and poured into the first solution to form mixture with a color of dark
brown/green. The pH of the solution was measured to be around 10. Prior to electrodeposition,
the pH was dropped to 8 with a few drops of 2.0 M hydrochloric acid (HCl). The deposition
solution was used within the first three hours of preparation as the iron is fully oxidized
afterwards. A semi-circular Pt plate with a diameter of 3 cm was used as counter electrode
together with Ag/AgCl reference electrode in 3 M KCl. The working electrode was ITO covered
glass substrate with an available area of 1 cm x 1 cm for deposition. Electrodeposition took place
in a single compartment cell at -0.25 V versus Ag/AgCl without iR compensation. A total charge
of 20 mC has passed through the sample, which resulted in a layer thickness of around 100 nm.
NiMoZn catalyst
The preparation procedure of NiMoZn catalyst was adapted from literature. 15 In ultra-pure water
(100 mL), nickel(II) sulfamate hydrate (1.309 g), sodium molybdate dihydrate (0.460 g), zinc
chloride (6 mg), sodium pyrophosphate (3.460 g), and sodium bicarbonate (7.5 g) were dissolved
under constant magnetic stirring. To circa 30 mL of this solution, a few drops of hydrazine
hydrate were added just before deposition. The substrate, a nickel foil, was pre-treated in diluted
sulfuric acid at 2.0 V versus Ag/AgCl for 3 min, without iR correction. Electrodeposition was
carried out in a single compartment electrochemical cell for 60 min at 0.0775 A cm2 versus
Ag/AgCl. Two nickel electrodes were used as working and counter electrode. After deposition,
the catalyst films on the counter electrode were allowed to leach overnight in 10 M KOH.
Electrochemical measurements
Electrochemical depositions, impedance spectroscopy and measurements were done by an
Autolab PGSTAT 30 potentiometer controlled by GPES and FRA or NOVA10 software
packages. Tafel plots were constructed from the cyclic voltammetry measurements performed at
varying scan rates between 0.01 and 0.05 V s-1 or in the stationary current mode with 50 mV steps
taking 300 s per step. Two cycles were performed for each catalyst and the second cycle was used
to form the Tafel plots. In all cases, a semi-circular Pt plate with a diameter of 3 cm and Ag/AgCl
electrode (3 M KCl) were used respectively as counter and reference electrodes. A threecompartment cell was used during measurements, where the compartments for working and
counter electrodes are separated with a fine porosity glass frit. The compartment with the
reference cell was connected to the working electrode compartment with a Luggin capillary. The
electrolytes were not stirred during measurements. The Tafel plots were made after correcting for
the uncompensated resistance, Ru. The value for Ru was determined by electrochemical
impedance spectroscopy. The measurement was done in the frequency range from 10 kHz to 100
mHz.
Characterization
Transmission electron microscopy (TEM) was performed on a TENCAI G2 Sphera TEM (FEI),
operated in bright field imaging mode at 200 kV. Fourier transformation of the images was used
for size determination.
Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy spectra
were recorded on a JEOL JSM-840A scanning microscope, operated at 15 kV. Typically, the
working distance was 38 mm, while the current was 3 x 10-9 A. Energy-dispersive X-ray
spectroscopy was carried out while operated at 15 kV with a take-off angle of 40.00°. The applied
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correction method was Proza (Phi-Rho-Z). A thin layer of gold was sputtered on the samples
before measurement to improve conductivity.
The X-ray photoelectron spectroscopy (XPS) measurements were done with a Thermo Scientific
K-Alpha, equipped with a monochromatic small-spot X-ray source and a 180° double focusing
hemispherical analyzer with a 128-channel detector. An aluminium anode (Al Kα = 1486.6 eV)
operating at 72W and a spot size of 400μm was used to obtain the spectra. The background
pressure was 2 x 10-9 mbar and during measurement 4 x 10-7 mbar Argon because of the charge
compensation dual beam source. Region scans were measured at a constant pass energy of 50 eV,
while survey scans were measured at 200 eV.
Layer thicknesses were measured with a ‘Veeco Dektak 150’ surface profiler.
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Chapter 4
Photoelectrochemical Water Splitting
in an Organic Artificial Leaf

Abstract
Photoelectrochemical water splitting was demonstrated in an organic artificial leaf composed
of a triple junction polymer solar cell for light absorption and charge generation and lowoverpotential catalytic electrodes for hydrogen and oxygen evolution. For small area solar cells
(<0.1 cm2), a solar to hydrogen conversion efficiency of 5.4% was obtained using RuO2
catalysts. Using earth-abundant NiMoZn and Co3O4 catalysts for hydrogen and oxygen
evolution, the efficiency was 4.9%. For larger area (1.7 cm2) solar cell devices the solar to
hydrogen efficiency with RuO2 catalysts reduced to 3.6% as a consequence of an increased
overpotential for water splitting. This shifted the operating point of the water splitting device
beyond the maximum power point of the solar cell and reduced the photocurrent. The study
highlights that balancing the nature and surface area of the catalysts with the materials used in
the solar cell is crucial for efficient artificial leaves.
This work is submitted for publication:
S. Esiner, R. E. M. Willems, A. Furlan, W. Li, M. M. Wienk, R. A. J. Janssen
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4.1 Introduction
Successful construction of a direct artificial system for efficient solar fuel generation is an
important challenge for science and engineering. Solar fuels are attracting considerable
attention recently and solutions are emerging on how this can be achieved.1,2 Solar to chemical
energy conversion requires three concerted steps: (1) absorption of light, (2) creation of
charges (electrons and holes) with an appropriate chemical potential to enable (3) catalytic
chemical reactions in which the charges are used to oxidize and reduce compounds in
endothermic reactions such as the splitting of water and the reduction of carbon dioxide. 1 To
enable solar energy production in yields exceeding the energy conversion of natural
photosynthesis (typically <1%) with cheap and abundant materials is a tremendous challenge .3
Photoelectrochemical (PEC) water splitting requires a theoretical potential of E0H2 O = 1.23 V,
but in practice occurs at a potential (VWS) higher than E0H2 O due to overpotential losses (η)
0
occurring at the electrodes (VWS = EH
+ ηO + ηH ). Depending on the type of the
2O
2

2

electrodes and catalysts, the electrolyte, and the current density, overpotentials for both
hydrogen and oxygen evolution vary and the electrolysis potential lies typically in the range of
1.4-1.9 V.4,5
The principle of solar energy driven water splitting has previously been described using
inorganic solar cells with suitable catalysts for hydrogen and oxygen production. Early
publications include the monolithic photoelectrochemical water splitting devices of Lin et al.6
based on a triple stack amorphous silicon solar cell with RuO2 and Pt electrodes and of Turner
et al.7 based on tandem GaAs/InGaP2 tandem photocathode and a Pt electrode. One of the
most efficient water splitting devices was published by Licht et al.,8 who reached a solar to
hydrogen conversion efficiency of ηSTH = 18.3% with a Si/Al0.15Ga0.85As tandem cell in
combination with Pt and RuO2 electrodes for hydrogen and oxygen evolution. Based on a
similar concept using a GaInP/GaInAs dual junction cell in an optical concentrator system
with a polymer electrolyte membrane electrolyzer Wittstadt et al. demonstrated solar water
splitting with 18% efficiency in an integrated system.9
More recently, Nocera et al.10 reported ηSTH = 2.5% for a wireless stand-alone device based on
a triple junction solar cell with earth-abundant nickel-molybdenum-zinc (NiMoZn) and cobalt
oxide cubane (CoO) catalysts for hydrogen and oxygen evolution. Van de Krol et al. reached
ηSTH = 4.9% based on a semi-transparent tungsten doped bismuth vanadate (W:BiVO4)
photoanode that was optically and electrically connected to an amorphous silicon tandem solar
cell with cobalt phosphate and Pt catalysts. 11 Grätzel et al. have reported ηSTH = 12.3% based
on two series connected lead perovskite solar cells and a NiFe layered double hydroxide for
hydrogen and oxygen evolution.12
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We were interested to explore the feasibility of an organic artificial leaf by combining organic
solar cells with suitable catalysts for water splitting. Organic and polymer solar cells produce
electrical power directly by converting sunlight. The best devices reach power conversion
efficiencies in excess of 10%.13-15 Examples of photoelectrochemical water splitting via organic
absorber layers are, however, scarce and have not yet reached high efficiencies. 16-18 Designing
an organic artificial leaf capable of producing hydrogen directly from sunlight requires the
selection and optimization of a number of parameters. To minimize losses, the solar cell should
operate close to the maximum power point and for efficient water splitting the maximum
power point voltage (Vmax) of the cell should be designed such that its value matches with the
potential for water splitting, VWS, under the relevant working conditions, related to choice of
electrodes, electrolyte, and current density. With a required Vmax ≈ VWS = 1.4  1.9 V, single
junction or series connected tandem polymer solar cells are generally not sufficient for the
water splitting reaction to take place. However, a series connected triple junction polymer solar
cell can provide the required potential at its maximum power point as we have shown
recently.16
An important aspect of photoelectrochemical water splitting devices is the selection of
appropriate catalysts for oxygen and hydrogen evolution reactions. The operating potential
during water splitting mainly depends on this selection. The best catalysts in terms of lowering
the overpotential are based on precious transition metals or their oxides. Many earth-abundant
catalysts require higher overpotentials, 19-22 but extensive efforts are directed to overcome this
limitation.19-23 Besides overpotential, the compatibility of the hydrogen and oxygen evolution
catalysts with each other in the selected electrolyte is very important. In general, catalysts
operate better in highly acidic or highly alkaline media compared to more neutral pH
conditions. Highly acidic or alkaline conditions, however, affect the stability of the catalyst and
the sealing of an integrated photoelectrochemical device when kept in contact with the
electrolyte for a long time. Preferably, the hydrogen and oxygen evolution catalysts are formed
from earth-abundant materials and should be able to operate at near-neutral pH conditions.
Here we present the design and characterization of a photoelectrochemical artificial organic
leaf that integrates an organic triple junction solar cell with catalysts for hydrogen and oxygen
evolution. We demonstrate photoelectrochemical water splitting with a solar to hydrogen
conversion efficiency of 5.4% with low-overpotential ruthenium oxide (RuO2) catalysts and of
4.9% efficiency with earth-abundant cobalt oxide (Co3O4) and NiMoZn catalysts. To ensure a
low overpotential, the catalyst to solar cell area ratio is about 15-20. In an alternative third
configuration we use a larger area triple junction solar cell with RuO 2 similar sized catalyst
surface areas, resulting in ηSTH = 3.6%
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4.2 Organic absorber layers
For solar to hydrogen conversion we use a triple junction polymer solar cell composed of one
wide band gap and two identical narrow band gap subcells (Figure 4.1a), fabricated by solution
processing as described previously. 24 The wide band gap layer is a blend of poly[[9-(1octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5thiophenediyl] (PCDTBT) and [6,6]-phenyl-C71-butyric acid methyl ester ([70]PCBM), while
the narrow band gap layers are blends of poly[[2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6dioxopyrrolo[3,4-c]pyrrole-1,4-diyl]-alt-[3',3''-dimethyl-2,2':5',2''-terthiophene]-5,5''-diyl]
(PMDPP3T) and [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM), with the molecular
structures shown in Figure 4.1b. The recombination layers that connect the different subcells
use a thin film of ZnO nanoparticles covered with a pH neutral poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) layer. This cell provides a Voc above 2.0
V, which is sufficient for photoelectrochemical water splitting.
(a)

(b)
LiF/Al

PMDPP3T:[60]PCBM
pH neutral PEDOT
ZnO
PMDPP3T:[60]PCBM
pH neutral PEDOT
ZnO
PCDTBT:[70]PCBM

PEDOT:PSS
ITO
Glass

Figure 4.1 (a) Device layout of triple junction organic solar cell. (b) The organic compounds used in the small band
gap (PMDPP3T:[60]PCBM) and wide band gap (PCDTBT:[70]PCBM) photoactive layers.

4.3 Catalysts and electrolytes
Presently, ruthenium oxide is the best oxygen evolution catalyst employed in the water splitting
process.25-27 RuO2 can also be employed as a hydrogen evolution catalyst as discussed in
Chapter 3.28,29 In this study, RuO2 was deposited onto titanium substrates through thermal
decomposition of RuCl3.25 This gives reproducible and stable performance over a couple of
hours. The activity of RuO2 both as oxygen and hydrogen evolution catalysts is shown in a
Tafel plot in Figure 4.2. RuO2 on a Ti substrate gives an overpotential of less than 130 mV for
hydrogen evolution and less than 315 mV for oxygen evolution for current densities up to 10
mA cm-2 in a 1.0 M KOH electrolyte.
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For the selection of earth-abundant catalysts, we considered that choice for the catalyst for
oxygen evolution is more important than the catalyst for hydrogen evolution, because the
overpotentials for oxygen are generally higher. One of the earth-abundant oxygen evolution
catalysts, which has been extensively studied lately, is cobalt oxide. The electrocatalytic
properties of cobalt borate (CoBi), 30 cobalt phosphate (CoPi)31 and cobalt oxide (Co3O4)
nanoparticles32 deposited on ITO substrates for oxygen evolution reaction were discussed in
Chapter 3. Due to reproducibility and ease of processing, cobalt oxide nanoparticles were
selected as the oxygen evolution catalyst for the desired water splitting device. Co 3O4
nanoparticles can be deposited on ITO from a methanol solution by drop casting followed by
thermal annealing. The cobalt oxide catalyst can operate in an electrolyte of 0.1 M potassium
borate (KBi) at pH 9.2, which is crucial for the catalyst stability. The electrochemical activity of
cobalt oxide nanoparticles is shown in Figure 4.2. The catalyst gives an overpotential up to 410
mV for oxygen evolution for current densities up to 10 mA cm-2. This performance is slightly
better than what has been presented in Chapter 3, presumably due to higher roughness which
increases the actual catalyst surface area.
The selection of a suitable earth-abundant hydrogen evolution catalyst also requires ease of
processing, reproducibility and ability to operate in an electrolyte of near-neutral pH
conditions. Among various nickel based hydrogen evolution catalysts, the NiMoZn catalyst
developed by Nocera et al.10 was shown to work well in KBi electrolyte where Co3O4
nanoparticles can also operate. Hence, the NiMoZn alloy was selected as the hydrogen
evolution catalyst. The catalyst is made by electrodeposition onto a nickel substrate. 10 The
Tafel plot for NiMoZn in 0.1 M KBi for hydrogen evolution shows that the catalyst requires
very low overpotentials at low current densities, but that the overpotential increases
significantly when the current density is increased.
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K [V]
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Figure 4.2 Tafel plots of RuO2 in 1.0 M of KOH and of Co3O4 and NiMoZn in 0.1 M potassium borate (KBi) at pH
9.2. The markers indicate the expected overpotentials during the operation of the small scale RuO2 – RuO2 PEC cell
(U), the small scale Co3O4 – NiMoZn PEC cell (□), and the large scale RuO2 – RuO2 PEC cell (○).
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4.4 PEC water splitting with RuO2 – RuO2 catalysts at low
current densities
For achieving a high ηSTH, a larger catalyst surface area provides smaller current densities and
hence smaller overpotential. A triple junction polymer solar cell with an active area of 0.0676
cm2 was connected to RuO2 catalysts for oxygen and hydrogen evolution submerged in a 1.0 M
KOH electrolyte. The catalyst areas of 1.1 and 1.3 cm 2, respectively, were obtained by drop
casting of the RuCl3 precursor solution. Figure 4.3a and b show the time evolution of the
voltage and current density of photoelectrochemical water splitting device under illumination
by simulated AM1.5G light. The three curves in Figure 4.3a correspond to the JV
characteristics of the triple junction cell measured just before, during, and directly after a 20
min. water splitting experiment. The power conversion efficiency (PCE) of the solar cell just
before the water splitting experiment is ~6.7% with a Vmax = 1.44 V. The PCE of 6.7% is less
than the previously reported value of 9.6%,24 mainly because the batch of PCDTBT polymer
used in this study gave inferior performance.
The voltage and current density measured during water splitting follow the JV curve of the
solar cell until the operating point stabilizes (Figure 4.3a). The stabilization takes roughly 15
min. and it is mainly due to charging of the double layer on the catalyst surfaces and back
reaction of the reaction intermediates on or in the neighborhood of the catalysts (Figure
4.3b).33 In this specific case it takes longer because of the very low current density on the
catalyst surfaces. After reaching stabilization, a slight decrease in the operating current density
is observed for the following 5 min. The decrease is attributed mainly to the degradation of the
solar cell during operation, as evidenced from the solar cell performance just after the water
splitting measurements (Figure 4.3a). Solar to hydrogen conversion efficiency can also be
affected by the slow degradation of the RuO 2 catalysts because it is known that the electrolyte
used (1.0 M KOH) does not allow for stable catalyst performance in the long run. 34 In our
experiments, however, the decrease in catalyst performance over time turned out to be
marginal.
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Figure 4.3 (a,c,e) JV curves of the triple junction solar cells before, during and after water splitting measurement of
20 min. (b,d,f) Simultaneous measurement of operating voltage and current density of the solar cell during
photoelectrochemical water splitting, (a,b) 0.0676 cm2 solar cell connected to RuO2 – RuO2 catalysts in 1.0 M KOH.
(c,d) 0.0676 cm2 solar cell connected to Co3O4 – NiMoZn catalysts in 0.1 M KBi. (e,f) 1.7 cm2 solar cell connected to
RuO2 – RuO2 catalysts in 1.0 M KOH. The light source is not chopped and the electrolyte is not stirred during
measurements. The inset in panel (f) shows the hydrogen and oxygen evolution from the RuO2 catalysts on the Ti
substrates.

Figure 4.3b shows that the stable operation takes place at around 1.49 V at a solar cell current
density of 4.40 mA cm2. At an operating potential of Vop = 1.49 V, the total overpotential for
hydrogen and oxygen evolution is 0.26 V, in excellent agreement with the value expected from
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the Tafel plots for the corresponding current densities on the catalyst surfaces of 0.03 V and
0.23 V for hydrogen and oxygen evolution reactions, respectively (shown with the U symbols
in Figure 4.2). It is important to highlight that, the operating point during water splitting is very
close to the maximum power point of the solar cell (Vmax = 1.44 V), which enhances the
efficiency of the PEC water splitting device. The solar cell efficiency in the operating point is
estimated as Vop u Jop/Pin = 6.6%, close to the maximum PCE of 6.7%. Assuming 100%
Faradaic efficiency, the photocurrent in the operating point Jop (4.40 mA cm2) allows to
estimate the solar to hydrogen conversion efficiency as: ηSTH = 1.23 u Jop / Pin = 5.4%.
Separate electrochemical experiments in which evolved gassed were collected, showed a 1:2
volume ratio of O2 to H2 and Faradaic efficiencies higher than 88% when RuO2 – Pt or Pt – Pt
catalysts are used as OER – HER catalysts in 1.0 M KOH at similar amount of current
generations (Appendix A). At the low current density used in this PEC device, hydrogen and
oxygen bubbles during water splitting were visualized using a high resolution camera.

4.5 PEC water splitting with Co3O4 – NiMoZn catalysts at low
current densities
To realize solar to hydrogen conversion with the earth-abundant catalysts, a 0.0676 cm2 triple
junction polymer solar cell was combined with Co3O4 and NiMoZn catalysts with surface areas
tuned to 1 cm2. Figure 4.3c shows the JV curves of the solar cell just before, during, and after
20 min. of water splitting with Co3O4 – NiMoZn catalysts submerged in a 0.1 M KBi
electrolyte at pH = 9.2. The simultaneous measurement of the transient current density and
voltage during water splitting is shown in Figure 4.3d. In this case the stabilization of the
operating point takes about 3 min. We attribute the reason of shorter stabilization period to
the different nature of catalysts and the electrolyte. Another reason can be the difference
between the geometrical and actual surface areas of the catalysts. The RuO 2 catalysts are placed
on very rough titanium substrates while both Co3O4 and NiMoZn layers are deposited on
smoother surfaces. Higher roughness would mean higher surface area, which will require more
time to form the double layer on the catalyst surfaces. During 20 min. of PEC water splitting, a
slight decrease in the operating current density is observed together with a slight increase in
operating voltage. These are mainly due to the degradation of the solar cell that is more
prominent in the case of this specific solar cell (Figure 4.3c).
The triple junction solar cell combined with earth-abundant catalysts had a PCE of 6.5%. The
operating point of the water splitting device stabilized at Vop = 1.56 V. This operating voltage
is again close to Vmax = 1.45 V. The Vop = 1.56 V suggests a total overpotential of 0.33 V,
which is less than the value of ~0.46 V expected from the Tafel plots. The difference might be
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related to different concentrations of dissolved hydrogen and oxygen in the electrolyte during
Tafel plot measurements. After 15 min. we find Jop = 3.98 mA/cm2, providing a PCE of 6.1%
and ηSTH = 4.9% in the operating point.

4.6 A larger area organic leaf
For a more realistic estimation of ηSTH, the catalyst surface areas should be in the same range as
the solar cell surface. Therefore, we constructed an organic leaf with a larger area triple
junction solar cell integrated with RuO 2 – RuO2 catalyst for hydrogen and oxygen evolution on
Ti substrates (Figure 4.4a). The solar cell area was 1.7 cm2 and the catalyst surface areas are
~1.2 cm2 each. To reduce the potential drop over the ITO front surface of this larger area solar
cell, the current was collected by a boundary metal contact (Figure 4.4b, top). This metal
border also defines the nominal solar cell area. After completion, the solar cell was sealed with
a second glass plate and a modified epoxy resin (Figure 4.4b, middle) and then titanium
substrates with the RuO2 catalysts are attached at the back side with a glue and graphite
conductive adhesive (Figure 4.4b, bottom).
(a)

(b)
1.7 cm2

Figure 4.4 (a) Schematic device layout of the organic artificial leaf. (b) Photographs of the actual device, from top to
bottom: front side, back side before, and back side after applying the water splitting electrodes and catalysts.

Figure 4.3e shows that the l.7 cm2 triple junction solar cell has a PCE of 6.1%, which is
somewhat less than the PCEs of the small area cells (compare panels (a) and (c) in Figure 4.3)
due to a slight reduction in short-circuit current and fill factor. For PEC water splitting, the
triple junction solar cell was coupled to the two RuO 2 catalysts for oxygen and hydrogen
evolution in 1.0 M KOH electrolyte. Evolution of hydrogen and oxygen was easily observed by
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the eye (Figure 4.3f-inset). Figure 4.3e shows the JV-voltage characteristics measured during
water splitting. After 15 min. operation, the operating point of the artificial leaf is Vop = 1.67 V
and Jop = 2.94 mA cm-2. The current stabilization in this configuration takes less than a minute
and is much faster than for the smaller area cells due to the high current density on the catalyst
surfaces. After stabilization, the operating point does not significantly change over the course
of a 20 min. measurement (Figure 4.3f). The slight decrease in current density can be attributed
to the degradation of the solar cell (Figure 4.3e).
The maximum power point of this specific solar cell is at Vmax = 1.40 V while the operating
point during water splitting is now at Vop = 1.67 V. The latter is a direct consequence of the
increased current density experienced by the catalysts and results in higher overpotentials both
for hydrogen and oxygen evolution (see ○ markers in Figure 4.2) and a higher operating
potential. The total overpotential of 0.44 V in the operating point is 0.04 V higher than the
value expected from the Tafel plots (Figure 4.2). At Vop = 1.67 V, the power output of the
solar cell is 4.91 mW cm-2, which is significantly less than the maximum power of 6.05 mW cm2 that can be delivered by the cell. As V
op is now significantly larger than Vmax, the
photocurrent is reduced considerably to Jop = 2.94 mA cm2. As a result, ηSTH is 3.6%. The loss
in ηSTH from 5.4% to 3.6% by increasing the solar cell area is significant, and solely due to the
increased overpotential. This results in a significant reduction of the operating current for this
particular triple junction cell. This demonstrates that designing an efficient artificial leaf
requires a subtle balance between Vop and Vmax. For Vop > Vmax, a significant loss in
photocurrent can be expected. When Vop < Vmax, the photocurrent density actually is
increased but because the efficiency of a solar cell is always a trade-off between current density
and voltage, operating a cell too far below from the maximum power point represents an
avoidable loss.
A further level of integration is shown in Figure 4.5, where a larger area organic leaf is
fabricated with dual RuO2 catalysts electrodeposited on ITO. At this level of integration it is
no longer possible to measure JV characteristics, but the evolution of hydrogen and oxygen
evidences the functionality of the device.
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Figure 4.5 Artificial organic leaf under illumination based on a triple junction organic solar cell, with RuO2 covered
ITO electrodes for hydrogen (right) and oxygen (left) evolution.

4.7 Conclusions
We have demonstrated efficient photoelectrochemical solar to hydrogen conversion using an
organic artificial leaf based on an organic triple junction solar cell and transition metal and
metal oxide electrocatalysts. A solar to hydrogen conversion efficiency of ηSTH = 5.4% was
obtained with RuO2 catalysts and ηSTH = 4.9% with earth-abundant Co3O4 – NiMoZn
catalysts. In these examples the overpotential was kept low, by a large catalyst to solar cell area
ratio of ~15. For a lower surface area ratio (~0.7), ηSTH is reduced to 3.6%, mainly because the
0.18 V increase in overpotential that originates from the ~20 times higher electrocatalytic
current density moves the operating point of the artificial leaf too far away from the maximum
power point of the solar cell and results is a significant decrease in photocurrent density. This
demonstrates that for efficient artificial leaves, balancing the nature and surface area of the
catalysts with the materials used in the solar cell is crucial. In this respect organic solar cells
offer an advantage for designing photoelectrochemical water splinting devices because a wide
choice in organic semiconductors is available, which enables tuning the maximum power point
voltage (Vmax) to coincide with the operating point (Vop) determined by the thermodynamic
potential for water splitting and the overpotentials defined by the catalysts. By optimizing these
parameters, a significant progress in organic artificial leaves can be achieved.

4.8 Experimental
Materials
All commercial chemicals were used as received. Cobalt(II) acetate tetrahydrate (99.999% trace
metals basis), nickel foil (thickness 0.125 mm, ≥99.9%), potassium tetraborate tetrahydrate
(≥99.0%), and sodium molybdate dihydrate (≥99.5%) were obtained from Sigma-Aldrich.
Graphite conductive adhesive (aqueous based, 20 Ω/in 2 at 0.001 in thickness), nickel(II)
sulfamate hydrate, and zinc chloride (anhydrous, 98+%) were obtained from Alfa Aesar.
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Ruthenium(III) chloride (35-40% Ru) was obtained from Acros Organics. PCDTBT was
obtained from 1-Material. [60]PCBM (purity ~99%) and [70]PCBM (purity ~95%) were obtained
from Solenne BV. PMDPP3T was prepared as described previously. 24 DELO-KATIOBOND®
LP655 light-/UV-curing adhesive was obtained from DELO Industrial Adhesives. Platinum was
obtained from Drijfhout. Water is purified in a Millipore system and has a resistance of at least 18
MΩ.
Catalysts and electrodes
RuO2 catalysts: RuO2 was prepared through thermal decomposition of RuCl 3. RuCl3 was dissolved
in ultra-pure water to a concentration of 0.2 M and 200 μL of this solution was placed onto a precleaned and air plasma treated titanium substrate to form a catalyst area of about 1.3 cm 2. The
substrate was then dried on a 90 °C hot plate for 20 min. and then oxidized in a 350 °C oven for
3 h. The same procedure was used for oxygen and hydrogen evolution RuO 2 catalysts.
Co3O4 nanoparticles: The procedure for the synthesis of the Co 3O4 nanoparticles was adapted from
literature.32 Under constant magnetic stirring at 45°C, cobalt(II) acetate tetrahydrate (0.5 g) was
dissolved in a mixture of ultra-pure water (2 mL) and ethanol (23 mL). After 15 min, ammonia
(25+ %, 3.3 mL) was added dropwise. The reaction mixture was heated to 80 °C and kept there
for 3 h under reflux to enable the formation of the nanoparticles. To this crude product mixture,
acetone (100 mL) was added to start precipitation. To improve separation, the mixture was
centrifuged for 20 min. at 2000 rpm. After decanting the solvent, methanol (12 mL) and acetone
(120 mL) were added to the precipitate, followed by centrifugation at 2000 rpm for 20 min. The
precipitated particles were redispersed in methanol (>25 mL).
Co3O4 electrode: A solution of the Co3O4 nanoparticles (250 μL, circa 3 mg mL -1) was placed onto a
pre-heated ITO coated glass slide at 110 °C to form a catalyst area of around 1 cm2. After 5 min,
the covered ITO slide is heated with a heat gun with a power of 2000 W for several minutes to
improve binding of the nanoparticles to the substrate.
NiMoZn electrode: The procedure for the preparation of a NiMoZn electrode was adapted from
literature.10 In ultra-pure water (100 mL), nickel(II) sulfamate hydrate (1.309 g), sodium
molybdate dihydrate (0.460 g), zinc chloride (6 mg), sodium pyrophosphate (3.460 g), and sodium
bicarbonate (7.5 g) were dissolved under constant magnetic stirring. To circa 30 mL of this
solution, a few drops of hydrazine hydrate were added just before deposition. The substrate, a
nickel foil, was pretreated in diluted sulfuric acid at 2.0 V versus Ag/AgCl for 3 min, without iR
correction. Electrodeposition was carried out in a one-compartment electrochemical cell for 60
min at 0.0775 A cm2 versus Ag/AgCl. Two nickel electrodes were used as working and counter
electrode. After deposition, the catalyst films on the counter electrode were allowed to leach
overnight in 10 M KOH.
Electrochemical measurements
Tafel plots were constructed from the cyclic voltammetry measurements performed in the
stationary current mode with 50 mV steps taking 300 s per step. Two cycles were performed for
each catalyst and the second cycle was used to form the Tafel plots. In all cases, a Pt disk and
Ag/AgCl electrode were used respectively as counter electrode and reference electrode. A threecompartment cell was used during measurements, where the compartments for working and
counter electrodes are separated with a fine porosity glass frit. The compartment with the
reference cell was connected to the working electrode compartment using a Luggin capillary. For
Co3O4, the measuring range was selected starting above 0.60 V versus Ag/AgCl, for NiMoZn
beneath 0.7 V. Owing to a different electrolyte and different catalyst performance, these values
were selected as above 0.25 V and below 0.95 V when RuO2 is used as oxygen and hydrogen
evolution catalysts respectively. The electrolytes were not stirred during measurements. The Tafel
plots were made after correcting for the uncompensated resistance, Ru. The value for Ru was
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determined by electrochemical impedance spectroscopy. The measurement was done in the
frequency range from 10 kHz to 100 mHz.
Device preparation
The small area triple junction solar cells were prepared by first spin casting PEDOT:PSS
(Clevios® P VP AI 4083, H. C. Starck) in air onto pre-cleaned glass substrates with indium tin
oxide (ITO) patterns (Naranjo Substrates). Then, the PEDOT:PSS layer was dried at 140 °C for
10 min. On top of the dried PEDOT:PSS the PCDTBT:[70]PCBM blend was spin cast in
nitrogen atmosphere. The PCDTBT active layer was dried on a hot plate for 10 min. at 70 °C.
Afterwards, the ZnO, pH neutral PEDOT and PMDPP3T:[60]PCBM layers were spin cast
sequentially to form the middle cell. This process was then repeated to form the back cell. For
optimal performance, the ZnO layer was deposited in nitrogen atmosphere, while pH neutral
PEDOT and PMDPP3T:[60]PCBM layers were spin cast in air. The triple junction devices were
completed by thermal evaporation of 1 nm LiF and 100 nm Al at 3 × 10 -7 mbar.
The front cell was spin cast from a warm solution of PCDTBT and [70]PCBM (1:4 w/w) in
chlorobenzene at 7 mg mL -1 polymer concentration. The middle and the back cells were spin cast
from a solution of PMDPP3T and [60]PCBM (1:3 w/w) in chloroform containing 7.5% (v/v) oDCB at 4 mg mL-1 polymer concentration. ZnO nanoparticles of ~5 nm diameter were spin cast
from a solution of 10 mg mL -1 ZnO in isopropanol (IPA). pH neutral PEDOT was prepared by
diluting Neutral pH PEDOT NT5/CH03311/BH from Agfa with ultra-pure water at a 1:1
volume ratio and adding 0.2 mL mL -1 IPA to improve the wetting on ZnO nanoparticles. The
solution was then filtered with a 5.0 μm Whatman Puradisc FP30 syringe filter.
The large area solar cell was manufactured by first etching away a stripe of ITO from a full-ITO
covered substrate to form two separate electrode areas. The etching was performed using zinc
dust and hydrochloric acid. Afterwards the substrates were cleaned thoroughly and a 100 nm of
aluminium frame was evaporated to improve charge collection and specify the solar cell area.
Deposition of the remaining layers was performed as explained above. The back electrode of LiF
(1 nm) and Al (100 nm) was evaporated in such a way that it makes contact with the other half of
the ITO. As a result, both holes and electrons can be collected from the ITO layers.
The large area stand-alone device was prepared by first sealing the solar cell inside a nitrogen
atmosphere with a UV-curing resin. This resin was allowed to cure for 15 min under a 365 nm
UV lamp. Subsequently, the titanium substrates with RuO 2 catalysts were glued at the back side of
the solar cell onto the glass cover using a two-component glue (Bison - Kombi Snel®). These
catalyst layers were connected to the positive and negative poles of the solar cell with graphite
conductive adhesive.
Characterization
The characterization of the solar cells was first done inside the glove-box with nitrogen
atmosphere. A Keithley 2400 source-measurement unit was used to measure current density to
voltage (JV) characteristics of the devices. The illumination was carried out with ~100 mW cm -2
white light from a tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya HMC
80A 72 mm daylight filter. No mismatch correction was performed. The measurements were
performed inside a glove box with a nitrogen atmosphere. The triple junction devices were
exposed to UV illumination (with a Spectroline EN-160L/F 365 nm lamp from Spectronics
Corporation) for about 10 min. to provide an ohmic contact between the ZnO and pH neutral
PEDOT layers before being measured. To prevent parasitical charge collection due to the high
lateral conductivity of pH neutral PEDOT, triple junction devices were measured with a mask
slightly smaller than the actual device area, which is determined by the overlap of the ITO and Al
electrodes. The actual solar cell area was 0.09 mm2 while the mask was 0.0676 mm 2.
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Solar to hydrogen conversion efficiencies were determined using a home-built setup. As the water
splitting experiments took place in air, the solar cells were placed in a nitrogen filled box and
connected to the catalysts through external cables. The solar cell was illuminated with white-light
from a tungsten-halogen lamp (~100 mW cm-2) filtered by a Schott GG385 UV filter and a Hoya
HMC 80A 72 mm daylight filter. The solar cell was placed such that the generated short-circuit
current in this setup corresponded to the short-circuit current measured inside the glove box,
which corresponds to AM 1.5G power standards. A Keithley 2600 source-measurement unit was
used for simultaneous measurement of current and voltage during water splitting.
The small area (0.0676 cm2) solar cells provide low current densities on the catalyst surfaces (~1.2
cm2), which makes it difficult to observe the hydrogen and oxygen bubbles during water splitting
with by eye. Using a high resolution camera during water splitting traces of bubbles that are not
apparent to eye were easily visualized. For the RuO 2 – RuO2 catalysts movements of tiny gas
bubbles were observed, while in the case of Co 3O4 – NiMoZn catalysts, bubbles growing on the
Co3O4 catalyst surface were seen. Water splitting experiments with the stand-alone large area
device were made by placing the device inside a glass container filled with the electrolyte and
taking into account for the AM 1.5G illumination conditions.
Apparatus
Electrodepositions and cyclic voltammetry were carried out with an Autolab PGSTAT 30
controlled by the GPES software package, equipped with an Aldrich® glass reference electrode
(General purpose, reference, Ag/AgCl, 3 M KCl). Electrochemical impedance spectroscopy was
done in the same setup with the Autolab PGSTAT 30 controlled by the FRA software package.
The air plasma treatment was carried out in a Femto PCCE low pressure plasma system (Diener
Electronic). A 270 W plasma was applied for 2 minutes.
Layer thicknesses were measured with ‘Veeco Dektak 150’ Surface Profiler.
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Chapter 5
Photoelectrochemical Water Splitting
with Tandem Polymer Solar Cells

Abstract
Provided that a high enough potential can be reached, photoelectrochemical water splitting
with tandem polymer solar cells presents an advantage over using triple junction cells because
higher current densities can be reached for a chosen optical band gap. To reach the required
potential, a homo-tandem solar cell was used, employing a wide band gap
PF10TBT:[60]PCBM blend as photoactive layer in both subcells. A thin Nafion layer was used
at the intermediate ZnO/pH neutral PEDOT recombination contact to alleviate the voltage
loss in the back cell that is caused by the low work function of pH neutral PEDOT. The
resulting tandem solar cell had a Voc of 1.89 V, which is sufficient for water splitting. A solar
to hydrogen conversion efficiency (ηSTH) of 2.19% was reached when the tandem cell was used
in combination with RuO2 electrocatalysts for hydrogen and oxygen evolution in a 1.0 M
KOH electrolyte. Replacing the Nafion layer with ~10 nm MoOx further increased the Voc of
the PF10TBT:[60]PCBM homo-tandem cell to 1.96 V. To increase the moderate power
conversion efficiency of this tandem cell (~3.4%), a new wide band gap material, PTPTIBDTOD:[70]PCBM, was used in a homo-tandem solar cell configuration. This cell provides a Voc
of 1.74 V and a higher power conversion efficiency (~5.3%). Water splitting with this cell
occurred at a ηSTH of 4.26%. Owing to the very high fill factor of the tandem cell (0.73), water
splitting took place almost at the maximum power point of the solar cell. Replacing the RuO 2
catalyst for hydrogen evolution with Pt, resulted in similar solar to hydrogen conversion
efficiencies (ηSTH = 4.29%).

Chapter 5

5.1 Introduction
The requirement of a high voltage for water splitting favors the use of series connected triple
junction solar cells with three absorber layers over tandem cells with two photoactive layers.
The successful use of triple junction polymer solar cells in photoelectrochemical (PEC) water
splitting applications has been demonstrated in Chapters 2 and 4 of this thesis. 1,2 Triple
junction stacks of amorphous silicon solar cells are also commonly selected for PEC water
splitting purposes.3-7 On the other hand, if the water splitting potential is low enough, tandem
solar cells may also be used. This can be beneficial in terms of device fabrication and cost as
there is one less junction and photoactive layer, but also in terms of the overall efficiency of
the PEC device. In principle, a tandem solar cell can generate up to 50% higher current density
than a triple junction cell at the same optical band gap, 7 because the photon flux is distributed
over two instead of three absorbers layers. Provided that the required potential is achieved, the
solar to hydrogen conversion efficiency (ηSTH) only depends on the current density of the solar
cell during operation. PEC water splitting has been demonstrated using inorganic tandem solar
cells.7,8 However, examples of water splitting with tandem polymer solar cells to our
knowledge do not exist yet.
Licht et al. have shown that with appropriate catalysts, such as ruthenium oxide (RuO2) and
platinum (Pt) and low current densities on the catalyst surfaces, the required potential for water
splitting can be reduced to values as low as 1.36 V. 8 Because a solar cell is preferably operated
at its maximum power point (MPP), a tandem solar cell to be used for PEC water splitting
should have an open circuit voltage (Voc) of 1.60 V or more, depending on its fill factor (FF).
It is indeed possible to find examples of tandem solar cells with such high Voc.1,9-12 However,
due to the fundamental trade-off between the voltage and current density in solar cells, a
higher Voc is generally achieved at the cost of lower current densities. In general, efficient
tandems have a Voc in the range of 1.50-1.60 V, but not higher.13 Hence, finding appropriate
materials to be combined in a high-voltage tandem is challenging. In fact, wide band gap
materials that can provide high current densities are scarce.14,15
Previously, we have demonstrated PEC water splitting at 1.49 V with a triple junction polymer
solar cell.2 A tandem solar cell that is intended to split water at this potential would require a
Voc of at least around 1.75 V. This value is actually not easy to achieve with a tandem solar cell
if different band gap materials are combined to harvest the solar energy more efficiently. When
the main concern is to reach high voltages in a tandem solar cell, selecting materials and
optimizing performance becomes more complicated.
One approach towards a high voltage tandem cell is a tandem device configuration in which
both photoactive layers are composed of the same wide band gap material (Figure 5.1a). If
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optimized, this so-called homo-tandem cell design can provide higher efficiencies compared to
its corresponding single junction device due to improved absorption of light and enhanced
charge collection.16-18 In general, the optimal thickness of the photoactive layer of a single
junction polymer solar cell lies in the range of 100 nm. Thicker layers can increase light
absorption and charge generation, but often result in reduced charge collection because the
longer average distance over which charges are collected causes more bimolecular
recombination, which reduces the solar cell performance mainly by affecting the fill factor
(FF).18,19 Due to the fact that the optimal layer thickness for a single junction solar cell is
limited, a portion of light is lost without being absorbed.19 A homo-tandem solar cell can
reduce this loss by increasing total photoactive layer thickness without sacrificing the FF.
Because it is a homo-tandem solar cell of a wide band gap material, it is also possible to reach
the high voltage necessary for tandem solar cell water splitting.
In practice it is not trivial to reach a sufficiently high voltage in the back cell in a tandem
configuration. The reason is the nature of the recombination contact that consists of a junction
between ZnO and pH neutral PEDOT. The pH neutral PEDOT layer that serves as the hole
extracting contact for the back cell (Figure 5.1a) has a lower work function (-4.65 eV)
compared to the normal PEDOT:PSS (-5.05 eV). If the back cell uses a polymer with a deep
HOMO level to reach a high Voc, the large difference between the low work function of pH
neutral PEDOT and the deep HOMO of the polymer, causes a non Ohmic contact and
introduces losses in the Voc of the back cell, as discussed in Chapter 2.1 The energy levels
diagram of a PF10TBT:[60]PCBM homo-tandem solar cell (Figure 5.1b) shows where the
voltage loss occurs. Possible solutions for increasing the low work function of pH neutral
PEDOT include spin coating a thin Nafion layer on top.1,20 Other approaches such as partial
neutralization of PEDOT:PSS with LiOH, or re-acidifying the surface of pH neutral PEDOT
with layers of polystyrene sulfonic acid (H-PSS), p-toluenesulfonic acid (TsOH) or poly(acrylic
acid) (PAA) were shown to be not working as desired.21
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Figure 5.1 (a) Layout of a homo-tandem polymer solar cell with two PF10TBT:[60]PCBM photoactive layers. (b)
Energy levels diagram of a PF10TBT:[60]PCBM homo-tandem solar cell showing the voltage loss due to low work
function pH neutral PEDOT.

Another approach to improve the work function of pH neutral PEDOT is depositing a thin
layer of molybdenum oxide (MoOx) onto pH neutral PEDOT by thermal evaporation.
Because of its high work function of -5.40 eV, MoOx is expected to prevent voltage losses at
high voltage back cells. Evaporated MoOx is a well-known hole collector that can replace
PEDOT:PSS in normal configuration single junctions. 22 It is also commonly used as a hole
transport layer, in inverted single junction cell configurations. 23,24 Yang et al. have also used
MoOx in the intermediate contact of an inverted tandem solar cell.18
In this chapter, PEC water splitting with series connected tandem solar cells is demonstrated.
The study is focused on reducing the voltage losses at the intermediate contact in a wide band
gap homo-tandem solar cell such that it can provide the desired voltage for PEC water
splitting. Tandem cells with Nafion and MoOx layers in the intermediate contact were used for
PEC water splitting. In addition, the photoactive layers were varied to enhance efficiencies.

5.2 PEC water splitting with a high voltage homo-tandem
solar cell
A blend of PF10TBT (poly[2,7-(9,9-didecylfluorene)-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′benzothiadiazole)]) as donor (Figure 5.2a) and [60]PCBM ([6,6]-phenyl-C61 butyric acid methyl
ester) as acceptor was used to make a high voltage homo-tandem solar cell. With a band gap of
1.95 eV, the single junction PF10TBT solar cell has a Voc of 1.01 V (Figure 5.2c and Table
5.1). The external quantum efficiency (EQE) measurement of the single junction cell is shown
in Figure 5.2d. A homo-tandem of PF10TBT:[60]PCBM is expected to have a Voc of around
2.0 V. However, due to the presence of the low work function pH neutral PEDOT layer in the
intermediate contact, a significant fraction of the voltage would be lost. To prevent this, a thin
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Nafion layer (~4 nm) was spin coated on top of pH neutral PEDOT (Figure 5.2b).1 The
resulting tandem solar cell showed a Voc of 1.89 V (Figure 5.2c and Table 5.1). This value is
very close to the Voc reported by Moet et al.20 (1.92 V) for a similar device configuration. In
that specific device, the intermediate PEDOT layer was also partially neutralized for an even
higher Voc.
The homo-tandem cell had a power conversion efficiency (PCE) of around 2.9%. Both
photoactive layers were around 120 nm and no optimization was made for the front and back
cell thicknesses. With such high Voc, this tandem solar cell is appropriate for PEC water
splitting.
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Figure 5.2 (a) Structure of the PF10TBT polymer. (b) Layout of the PF10TBT:[60]PCBM homo-tandem polymer
solar cell with a Nafion layer in the intermediate contact. (c) J-V curves of PF10TBT:[60]PCBM single junction and
homo-tandem solar cells. (d) EQE measurement of the single junction PF10TBT:[60]PCBM cell.
Table 5.1 J-V characteristics of PF10TBT:[60]PCBM single junction and homo-tandem solar cells.

Cell Type
Single Junction
Tandem

(Intermediate) hole
transport layer
PEDOT:PSS
pH neutral PEDOT + Nafion

Jsc

[mA cm-2]
4.52
2.92

Voc

[V]
1.01
1.89

FF
[-]
0.56
0.53

MPP
[mW cm-2]
2.53
2.91
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To estimate the highest possible ηSTH that can be attained with this tandem solar cell, a small
area solar cell was connected to large area electrocatalytic electrodes to reduce the current
density and overpotentials. The solar cell with an area of 0.0676 cm 2 was coupled to titanium
substrates covered with RuO2 for both oxygen and hydrogen evolution (~ 1.2 cm2 per
catalyst), immersed in a 1.0 M KOH electrolyte.
Figure 5.3b shows the simultaneous current density-voltage (J-V) characteristics measured
during a 20 min. period of water splitting using this tandem cell under illumination with
simulated AM1.5G light. After 15 min. of operation, the stabilized operating point of the PEC
cell is at 1.45 V and 1.78 mA cm-2. The J-V characteristics of the solar cell just before, during
and after the 20 min. experiment are shown in Figure 5.3a. Over the course of 20 min., the
operating current density (Jop) slightly decreases, which can be attributed to the slight
degradation of the solar cell as seen in Figure 5.3a.
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Figure 5.3 (a) JV curves of the PF10TBT:[60]PCBM homo-tandem solar cell before, during and after water splitting
measurement of 20 min. (b) Simultaneous measurement of operating voltage and current density of the solar cell
during photoelectrochemical water splitting in which a 0.0676 cm2 solar cell is connected to RuO2 – RuO2 catalysts in
1.0 M KOH. The light source is not chopped and the electrolyte is not stirred during measurements.

The maximum power point voltage (Vmax) of the specific solar cell used in the water splitting
experiment is 1.34 V and its PCE is 2.66%. The operating point during water splitting (Vop) is
1.45 V, which corresponds to a PCE of 2.58%. Hence, the solar cell was almost operating at its
maximum power point during water splitting. This suggests that the only losses in this PEC
water splitting cell arose from the difference between the operating potential (1.45 V) and
thermodynamic lower limit for water splitting (1.23 V). As a result, assuming 100% Faradaic
efficiency, the ηSTH is:
ηSTH =1.23 × Jop / Pin =1.23 × 1.78 / 100 = 2.19%
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This is a remarkable value for a first demonstration of PEC water splitting with a series
connected tandem polymer solar cell. Nevertheless, it can be further improved by selecting a
different wide band gap material with a higher efficiency and improving the intermediate
contact to reduce voltage losses at the back cell.

5.3 Reducing voltage losses caused by the recombination
layer
To further increase the work function of the hole collecting contact in the recombination
contact, a thin layer of high work function MoOx (-5.40 eV) was deposited on the pH neutral
PEDOT. The effect of MoOx on the work function of pH neutral PEDOT was tested in a
single junction solar cell using PF10TBT:[60]PCBM as photoactive layer. A 10 nm MoOx layer
was thermally evaporated onto pH neutral PEDOT and the device was further fabricated as
usual. Figure 5.4 and Table 5.2 show that the voltage of the single junction cell drops from
0.97 V to 0.56 V when the normal PEDOT:PSS is replaced by pH neutral PEDOT. At the
same time an s-shaped J-V curve is obtained. Both effects are due to the significant barrier for
hole injection from pH neutral PEDOT into the HOMO of PF10TBT (Figure 5.1b).
However, applying a 10 nm MoOx layer restores the voltage without significant losses in
current or fill factor.
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Figure 5.4 (a) Layout of the PF10TBT:[60]PCBM single junction solar cell to test the effect of an additional MoOx
layer on low work function pH neutral PEDOT. (b) Comparison of the J-V curves of PF10TBT:[60]PCBM single
junction solar cells with and without MoOx layer.
Table 5.2 J-V characteristics of PF10TBT:[60]PCBM single junction solar cells with and without MoOx layer.

Cell Type

Hole transport layer

Single Junction
Single Junction
Single Junction

PEDOT:PSS
pH neutral PEDOT
pH neutral PEDOT + MoOx

Jsc

[mA cm-2]
6.17
4.85
5.61

Voc

[V]
0.97
0.56
0.97

FF
[-]
0.49
0.36
0.47

MPP
[mW cm-2]
2.94
0.98
2.56
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The effect of an additional MoOx layer on the work function of pH neutral PEDOT was then
tested in a tandem solar cell. For this purpose, a homo-tandem cell of PF10TBT:[60]PCBM
was made. The architecture of the homo-tandem cell is shown in Figure 5.5a. Figure 5.5b and
Table 5.3 show the J-V characteristics of the homo-tandem cells with MoOx in comparison to
similar cells that use Nafion or only pH neutral PEDOT. The tandem with MoO x provides a
Voc of 1.96 V, which is the highest voltage obtained for this tandem. This experiment clearly
shows that the MoOx layer in the intermediate contact prevents significant voltage losses by
pH neutral PEDOT.
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Figure 5.5 (a) Layout of the PF10TBT:[60]PCBM homo-tandem polymer solar cell with MoOx layer in the
intermediate contact. (b) Comparison of the J-V curves of PF10TBT:[60]PCBM homo-tandem solar cells with and
without Nafion or MoOx layers in the intermediate contact.
Table 5.3 J-V characteristics of the PF10TBT:[60]PCBM homo-tandem solar cells with and without Nafion or MoOx
layers in the intermediate contact.

Cell Type
Tandem
Tandem
Tandem

Intermediate hole transport
layer
pH neutral PEDOT
pH neutral PEDOT + Nafion
pH neutral PEDOT + MoOx

Jsc

[mA cm-2]
3.19
3.17
3.34

Voc

[V]
1.73
1.90
1.96

FF
[-]
0.48
0.50
0.52

MPP
[mW cm-2]
2.63
3.01
3.37

5.4 High efficiency PEC water splitting with a homo-tandem
solar cell
Even though the PF10TBT:[60]PCBM homo-tandem cell can reach a very high Voc that is
sufficient for water splitting, the overall efficiency of the tandem is on the low side due to the
poor fill factor and current generation. Therefore, another wide band gap material with a
higher efficiency was selected to make a homo-tandem solar cell for water splitting purposes.
Because the desired homo-tandem should have a Voc of 1.75 V or more, the new wide band
gap material should have a Voc of at least 0.88 V. Recently, a new wide band gap polymer,
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PTPTIBDT-OD
(poly(4,10-(2'-octyldodecyl)-4,10-dihydrothieno[2',3':5,6]pyrido[3,4g]thieno[3,2-c]isoquinoline-5,11-dione-co-benzo[1,2-b:4,5-b']dithiophene.) has been developed
by van Pruissen (Figure 5.6).25 PTPTIBDT-OD has an optical band gap of 2.04 eV. When
blended with [70]PCBM ([6,6]-phenyl-C71-butyric acid methyl ester), a single junction solar cell
of this material reaches a Voc of 0.90 V, which is in an excellent match with the requirements.

Figure 5.6 Structure of the PTPTIBDT-OD polymer.

The optimized single junction PTPTIBDT-OD:[70]PCBM cell has a moderately high PCE of
around 5.2% (Table 5.4). The J-V curve and the EQE measurement of this cell are also
presented in Figure 5.7a and b. The striking result about this device is its remarkably high fill
factor (0.70) which shifts the Vmax (0.73 V) of the solar cell close to its Voc (0.90 V). With such
a high fill factor, a homo-tandem solar cell of this material can have a high Vmax, which is
ultimately beneficial to the overall water splitting efficiency.
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Figure 5.7 (a) J-V curve of a single junction PTPTIBDT-OD:[70]PCBM solar cell. (b) EQE measurement of the
single junction PTPTIBDT-OD:[70]PCBM cell

Various homo-tandem PTPTIBDT-OD:[70]PCBM cells were made with Nafion or MoOx
layer or without any layer to modify the work function of pH neutral PEDOT. The tandem
device layout is shown in Figure 5.8a. Figure 5.8b and Table 5.4 show the tandem device
characteristics. In these tandem cells, both photoactive layers were around 110 nm and no
optimization was made for front and back cell thicknesses. As expected, the tandem cell
without any work function modification layer resulted in a low Voc of 1.53 V. With the
addition of the Nafion layer, the Voc improved slightly to 1.58 V, but MoOx is significantly
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more effective in increasing the Voc up to 1.72 V. This tandem cell was optically not optimized
for balanced subcell operation. Therefore, the tandem cell was further improved by reducing
the front cell thickness for a more balanced front and back cell current generations in the series
connected tandem solar cell.9 The resulting optimized cell had a PCE of about 5.3%. To
further characterize the tandem solar cell, an EQE measurement was performed on this device.
However, since the solar cell consists of two identical absorber layers, the conventional tandem
EQE measurement method described by Gilot et al.26 does not apply.27 Still, due to the
interference effects, different spectral responses are expected from the front and the back cells
inside the tandem.27 The data markers in Figure 5.8c show two different responses recorded
when the EQE of the homo-tandem cell was measured without (black squares) and with (red
circles) bias light (532 nm) at zero electrical bias. The two measurements clearly show different
spectral responses. To gain more insight, optical modeling through transfer matrix formalism
was performed on the homo-tandem device. From the simulations, the light absorption by the
front and back cells inside the tandem cell were obtained. The light absorption was then
corrected for the IQE to obtain an estimate for the EQE of each of the two subcells (solid
lines in Figure 5.8c). The IQE was calculated from the ratio of a single junction EQE and
simulated absorption, and assumed to be the same for both subcells. When the measured and
simulated EQEs are compared, it is seen that the EQE measurement without optical bias
resembles the expected response of the front cell, while the measurement with optical bias
coincides fairly well with the predicted response of the back cell response. The latter is
expected, because the front cell absorption at 532 nm is significantly higher than the back cell
(solid black line in Figure 5.8c), such that under 532 nm illumination the back cell is current
limiting and will be the one that is measured in an EQE experiment (red circles in Figure 5.8c).
The AM1.5 G integrated current density estimated from the biased-EQE measurement is 4.00
mA cm-2 and corresponds (in a first approximation) to the short-circuit current of the tandem
cell. Without light bias, one would expect the EQE to always reflect the current-limiting
subcell, but this only holds when both subcells exhibit negligible dark current. Using the highconductive pH neutral PEDOT in the intermediate contact, this condition is not always met,
and in such case the unbiased EQE measures the response of the cell with the lowest dark
current. This is what is seen in the un-biased EQE experiment. The magnitude of the
measured EQE is then less than the actual EQE and consequently the actual current
generation of the subcell cannot be estimated.
The Voc of the optimized cell reached up to 1.74 V. Surprisingly, the fill factor of the homotandem cells with MoOx layers were high (0.73-0.75) likely in consequence of the reduced light
intensity in the subcells compared to the single junction. Thus, Vmax of the optimized tandem
was very high (1.48 V). In fact this Vmax enables water splitting to take place at the maximum
power point of this solar cell.
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Figure 5.8 (a) Layout of the PTPTIBDT-OD:[70]PCBM homo-tandem polymer solar cell with Nafion or MoOx
layers in the intermediate contact. (b) Comparison of the J-V curves of PTPTIBDT-OD:[70]PCBM homo-tandem
solar cells with and without Nafion or MoOx layers in the intermediate contact. (c) EQE measurement of a
PTPTIBDT-OD:[70]PCBM homo-tandem cell with and without optical bias (scatter) in comparison with simulated
EQE’s of the subcells inside the tandem cell (solid lines).
Table 5.4 J-V characteristics of the PTPTIBDT-OD:[70]PCBM homo-tandem solar cells with and without Nafion or
MoOx layers in the intermediate contact.

Cell Type
Single Junction
Tandem
Tandem
Tandem
Optimized tandem

(Intermediate) hole
transport layer
PEDOT:PSS
pH neutral PEDOT
pH neutral PEDOT + Nafion
pH neutral PEDOT + MoOx
pH neutral PEDOT + MoOx

Jsc

[mA cm-2]
8.19
3.84
3.91
3.91
4.19

Voc

[V]
0.90
1.53
1.58
1.72
1.74

FF
[-]
0.70
0.69
0.64
0.75
0.73

MPP
[mW cm-2]
5.17
4.03
3.94
5.03
5.33

For a high ηSTH in photoelectrochemical water splitting, a small area optimized tandem solar
cell (0.0676 cm2) was connected to two large area RuO2 catalytic electrodes on Ti (~1.2 cm2
per catalyst) for oxygen and hydrogen evolution in 1.0 M KOH. The solar cell was then
illuminated by simulated AM1.5G solar spectrum for 20 min.
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The simultaneous current density and voltage characteristics measured during a 20 min. water
splitting experiment are shown in Figure 5.9b. The stabilized Vop of the PEC cell after 15 min.
of operation is 1.50 V, which is very close to the Vmax of the solar cell (1.48 V). The homotandem cell operates almost at its maximum power point, which is tailored to PEC water
splitting, benefitting from its exceptionally high fill factor.
Figure 5.9a shows the J-V characteristics of the solar cell just before, during and after the 20
min. experiment. The J-V curves of the tandem cell before and after the water splitting
experiment verify the remarkably good stability of the tandem cell. The stabilized Jop of 3.46
mA cm-2 show a minimal decrease after stabilization (Figure 5.9b). This is due to the very good
stability of the solar cell and the catalysts. As a result, assuming 100% Faradaic efficiency, the
ηSTH is:
ηSTH =1.23 × 3.46 / 100 = 4.26%
Selecting a better wide band gap material and minimizing the voltage losses almost doubled the
solar to hydrogen conversion efficiency compared to the previous water splitting experiment.
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Figure 5.9 (a) JV curves of the PTPTIBDT-OD:[70]PCBM homo-tandem solar cell before, during and after water
splitting measurement of 20 min. (b) Simultaneous measurement of operating voltage and current density of the solar
cell during photoelectrochemical water splitting. 0.0676 cm2 solar cell connected to RuO2 – RuO2 catalysts in 1.0 M
KOH. The light source is not chopped and the electrolyte is not stirred during measurements

Up to now, highest solar to hydrogen conversion efficiencies were measured using two RuO 2
electrocatalysts for oxygen and hydrogen evolution reactions. The reasons for selecting RuO 2
catalysts for both reactions were the very low overpotentials, ease of preparation and very
good stability that the catalyst as demonstrated in Chapter 3. Nevertheless, Pt is actually the
best catalyst for hydrogen evolution reaction (HER). It has also been frequently employed as a
hydrogen evolution catalyst in PEC water splitting devices.5,7,8 Hence, Pt was also tested here
as a hydrogen evolution electrode. For this purpose, the preceding experiment was repeated
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with the same conditions and the same homo-tandem solar cell by only replacing the RuO2
catalyst for hydrogen evolution with a large area (~1.5 cm 2) Pt plate. For oxygen evolution
catalyst RuO2 was used. Figure 5.10 shows the characterization of a 20 min. water splitting
experiment. The results are very similar to the previous experiment with two RuO 2 catalysts. In
fact, replacing RuO2 with Pt for hydrogen evolution reduced the stabilized Vop to 1.48 V. The
resulting Jop (3.46 mA cm-2) and ηSTH (4.29%) were very slightly higher than those with RuO 2 as
catalyst for hydrogen evolution. The stabilization of Vop and Jop in this case was even faster,
which is attributed to the nature of Pt as catalyst. A reason can be that the charging of the
double layer on Pt occurs faster than RuO2 for hydrogen evolution. The outstanding stability
of the homo-tandem cell is also clear in Figure 5.10a.
ηSTH =1.23 × 3.49 / 100 = 4.29%
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Figure 5.10 (a) JV curves of the PTPTIBDT-OD:[70]PCBM homo-tandem solar cell before, during and after water
splitting measurement of 20 min. (b) Simultaneous measurement of operating voltage and current density of the solar
cell during photoelectrochemical water splitting. 0.0676 cm2 solar cell connected to RuO2 – Pt catalysts in 1.0 M KOH.
The light source is not chopped and the electrolyte is not stirred during measurements

5.5 Conclusions
As a new perspective for photoelectrochemical water splitting, the possibility of using a series
connected polymer tandem solar cell instead of a triple junction solar cell has been studied. To
accomplish water splitting, a tandem solar cell with a significantly high Voc is required.
Therefore, a homo-tandem solar cell was made using a wide band gap absorber layer
(PF10TBT:[60]PCBM) in both active layers. Due to the wide band gap, the power conversion
efficiency was not very high (~ 2.9%), but the open circuit voltage was high (1.89 V), also at
the maximum power point (Vmax = 1.34 V). The high voltage was achieved by using a Nafion
layer in the intermediate contact to partially recover the voltage loss in the back cell caused by
the low work function of pH neutral PEDOT. When the homo-tandem tandem cell was
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combined with low overpotential electrocatalysts (RuO2 – RuO2 in 1.0 M KOH), the
photoelectrochemical water splitting had an efficiency (ηSTH) of 2.19%.
To further increase the voltage in tandem solar cells, MoOx was deposited on the pH neutral
PEDOT instead of Nafion. In a PF10TBT:[60]PCBM homo-tandem, the voltage loss caused
by pH neutral PEDOT layer was completely recovered when the MoO x layer was introduced,
resulting in a tandem solar cell with a Voc of 1.96 V and a maximum power of 3.37 mW cm-2.
The efficiency of this tandem solar cell is limited by its low current density.
To increase the efficiency, another wide band gap material, PTPTIBDT-OD:[70]PCBM, was
selected to make a homo-tandem cell for water splitting. The PTPTIBDT-OD:[70]PCBM
homo-tandem had a remarkably good fill factor (0.73), which ultimately promoted the cell to
operate almost at its MPP when used in water splitting. A ηSTH of 4.26% was measured when
water splitting was performed with RuO2 – RuO2 catalysts in 1.0 M KOH electrolyte and ηSTH
of 4.29% was measured with RuO2 – Pt catalysts under the same conditions.
With these experiments, the first successful examples of PEC water splitting with tandem
polymer solar cells were demonstrated. Further improvements in ηSTH will mainly rely on the
material availability for better solar cells and better electrocatalysts, rather than the design or
optimization of PEC water splitting cell.

5.6 Experimental
Materials
All commercial chemicals were used as received. Ruthenium(III) chloride (35-40% Ru) was
obtained from Acros Organics. Platinum plate was obtained from Drijfhout. PTPTIBDT-OD
was synthesized by G.W.P. van Pruissen.25 PF10TBT was provided by Jorgen Sweelssen.
[60]PCBM and [70]PCBM were obtained from Solenne BV. Water used in depositions and
electrolytes was purified in a Millipore system and has a resistance of at least 18 MΩ.
Substrates
Ti plates with 0.5 mm thickness and 1.5 cm × 2 cm area were sonicated in acetone and then
treated with air plasma in a Femto PCCE low pressure plasma system (Diener Electronic). A 270
W plasma was applied for 2 minutes.
RuO2 catalysts from thermal decomposition
RuO2 was prepared through thermal decomposition of RuCl 3. 0.2 M of aqueous RuCl3 was used
for deposition. To deposit the catalyst on Ti plate, 200 μL of this solution was placed onto the
titanium substrate to form a catalyst area of about 1.3 cm 2. The substrate was then dried on a 90
°C hot plate for 20 min. and then oxidized in a 350 °C oven for 3 h. The same procedures were
used to prepare oxygen and hydrogen evolution RuO 2 catalysts.
Electrochemical measurements
Electrochemical measurements and impedance spectroscopy were done by an Autolab PGSTAT
30 potentiometer controlled by GPES and FRA or NOVA10 software packages. Tafel plots were
constructed from the cyclic voltammetry measurements performed at varying scan rates between
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0.01 and 0.05 V s-1 or in the stationary current mode with 50 mV steps taking 300 s per step. Two
cycles were performed for each catalyst and the second cycle was used to form the Tafel plots. In
all cases, a semi-circular Pt plate with a diameter of 3 cm and Ag/AgCl electrode (3 M KCl) were
used respectively as counter and reference electrodes. A three-compartment cell was used during
measurements, where the compartments for working and counter electrodes are separated with a
fine porosity glass frit. The compartment with the reference cell was connected to the working
electrode compartment with a Luggin capillary. The electrolytes were not stirred during
measurements. The Tafel plots were made after correcting for the uncompensated resistance, Ru.
The value for Ru was determined by electrochemical impedance spectroscopy. The measurement
was done in the frequency range from 10 kHz to 100 mHz.
Device preparation
Solar cells were prepared by first spin casting a 40 nm thick PEDOT:PSS (Clevios® P VP AI
4083, H. C. Starck) onto pre-cleaned glass substrates with indium tin oxide (ITO) patterns
(Naranjo Substrates). Prior to spin casting, PEDOT:PSS was filtered through Acrodisc®
LC25mm syringe filter with 0.45μm PVDF membrane. Then, the active layer was spin cast. Single
junction devices were completed by thermally evaporating a back contact of 1 nm LiF and 100
nm Al at 3 × 10-7 mbar. For the tandem devices with a Nafion layer, the intermediate contact
consisting of ZnO nanoparticles (~30 nm), pH neutral PEDOT (~15 nm), and Nafion (~4 nm)
was deposited sequentially by spin casting. For devices with the MoO x layer, first ZnO
nanoparticles (~30 nm) and pH neutral PEDOT (~15 nm), were spin cast. Afterwards, 10 nm
thick MoOx was deposited by thermal evaporation. For optimal performance, ZnO nanoparticles
were deposited inside a glove box with nitrogen environment while all other layers were spin cast
in air. No heat treatment was applied to any of the layers.
For PF10TBT:[60]PCBM homo-tandem cells, both active layers were spin cast from a warm
solution of PF10TBT and [60]PCBM (1:4 w/w) in chloroform containing 70 mg mL -1 o-DCB at 5
mg mL-1 polymer concentration. ZnO nanoparticles 28,29 of ~5 nm diameter were spin cast from a
solution of 10 mg mL-1 ZnO in isopropanol (IPA). pH neutral PEDOT was prepared by diluting
‘Orgacon Neutral pH PEDOT from Agfa with ultra-pure water at a 1:1 volume ratio and adding
200 μl L-1 IPA. The solution was then filtered with a 5.0 μm Whatman Puradisc FP30 syringe
filter. Nafion® (Aldrich chemistry, perfluorinated ion exchange resin 5 wt.% in mixture of lower
aliphatic alcohols and H2O, containing 45% water) was first diluted in ethanol with a 1:200
volume ratio. The resulting solution was spin cast directly onto pH neutral PEDOT for an
optimized thickness of 2-5 nm.
For PTPTIBDT-OD:[70]PCBM homo-tandems, both active layers were spin cast from a solution
of PTPTIBDT-OD and [70]PCBM (1:1.5 w/w) in chloroform containing 10 vol% o-DCB at 7
mg mL-1 polymer concentration.
Characterization
A Keithley 2400 source-measurement unit was used to measure current density to voltage (J-V)
characteristics of the devices. The illumination was carried out with ~100 mW cm-2 white light
from a tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB120 daylight
filter. No mismatch correction was performed. The measurements were performed inside a glove
box with a nitrogen atmosphere. The tandem devices were exposed to UV illumination (with a
Spectroline EN-160L/F 365 nm lamp from Spectronics Corporation) for about 10 min. to
provide an Ohmic contact between the ZnO and pH neutral PEDOT layers before being
measured. To prevent parasitical charge collection due to the high lateral conductivity of pH
neutral PEDOT, tandem and triple junction devices were measured with a mask that is slightly
smaller than the device area, which is determined by the overlap of the ITO and Al electrodes.
The actual device areas were 0.09 mm 2 and 0.16 mm2 while corresponding mask sizes were
0.0676 mm2 and 0.1296 mm 2. For single junction devices, more accurate short circuit currents
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under AM1.5G were calculated by convolution of the EQE measurements with the AM1.5G
solar spectrum.
EQE measurements were performed in a homebuilt set-up. Mechanically modulated (SR 540,
Stanford Research) monochromatic (Oriel Cornerstone 130) light from a 50 W tungsten halogen
lamp (Osram 64610) was used as a probe light together with continuous bias light from a solid
state laser (B&W Tek Inc., λ = 532 nm, 30 mW and λ = 780 nm, 21 mW) through an aperture of
2 mm diameter. The intensity of the bias laser was adjusted using a variable neutral density filter.
The response was recorded using a lock-in amplifier (Stanford Research Systems SR830), over a
resistance of 50 Ω. For all the single junction devices, the measurement was carried out under
representative illumination intensity (AM1.5G equivalent, provided by the 532 nm laser). A
calibrated silicon solar cell was used as reference. Devices were kept behind a quartz window in a
nitrogen filled box during the measurements.
Solar to hydrogen conversion efficiencies were determined using a home-built setup. As the water
splitting experiments took place in air, the solar cells were kept behind a quartz window in a
nitrogen filled box and connected to the catalysts through external cables. The solar cell was
illuminated with white-light from a tungsten-halogen lamp (~100 mW cm-2) filtered by a Schott
GG385 UV filter and a Hoya HMC 80A 72 mm daylight filter. The solar cell was positioned by
assuring that the short-circuit current in this setup corresponds to AM1.5G power standards. A
Keithley 2600 source-measurement unit was used for simultaneous measurement of current and
voltage during water splitting.
Layer thicknesses were measured with ‘Veeco Dektak 150’ surface profiler.
Simulation
The optical modeling was done in SetFosTM version 3.2 (Fluxim AG, Switzerland). The optical
constants for PTPTIBDT-OD:[70]PCBM were determined from reflection/transmission
measurements on active layers on quartz.
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Chapter 6
Enhancing the Efficiency of a Polymer
Solar Cell by Application of a
Retroreflective Light Trapping Texture

Abstract
Due to the limited thickness of the photoactive layer in a single junction polymer solar cell, a
portion of light is reflected by the device without being absorbed. A retroreflective textured
sheet placed on the solar cell after completion of the device provides a universal method to
enhance the collection of light in polymer solar cells. The textured sheet reduces the primary
reflection and outcoupling of unabsorbed light by increasing the path length of the light and
re-reflecting light into the solar cell. The effect of the textured sheet was tested on a single
junction PDPPTPT:[60]PCBM solar cell. The external quantum efficiency (EQE) is shown to
improve over the whole sensitivity range and the power conversion efficiency has improved by
as much as 19%. The enhanced performance was verified with the aid of optical modeling
based on combined ray-tracing and transfer matrix formalisms.

This work has been published:
S. Esiner, A. B. P. Bus, M. M. Wienk, K. Hermans, R. A. J. Janssen, Adv. Energy Mater. 2013, 3, 1013

Chapter 6

6.1 Introduction
Organic solar cells attract considerable attention because they potentially combine favorable
efficiencies with low costs via solution processing onto flexible substrates in fast roll to roll
production. Thanks to improved materials and device layouts, especially during the last few
years, power conversion efficiencies of organic solar cells continue to increase and now reach
up to 10.8% for single junction polymer devices and 12.0% for multi-junction cells based on
evaporated small molecules.1-3 Even for recent highly efficient organic solar cells a sizeable
fraction of light in the absorption range of the materials is not utilized. One part will be
reflected at the air-substrate and substrate-indium tin oxide (ITO) interfaces and another part
will not absorbed due to the relative thin absorber layers.
The optimized thickness of the absorber layer in organic solar cells is always a compromise
between thick layers for maximal light capture and charge carrier generation and thin layers for
efficient carrier collection by minimizing bimolecular recombination. 4 For a vast majority of
material combinations this optimum thickness is situated around 100 nm, which is not
sufficient to quantitatively absorb the light over the whole absorption width of the materials.
Consequently, a significant amount of light is reflected out of the device. Owing to optical
interference effects in these stacks, absorber layers need to be at least twice as thick to absorb
more light and for many materials charge carrier collection over >200 nm will invoke losses,
which will mainly reduce the fill factor (FF) and concomitantly the power conversion efficiency
(η).5,6 Improving light capture without the requirement of thicker active layers can be achieved
by increasing the path length of the light inside the active layer with the help of altered layer
roughness or by adding extra layers that help trapping of the light by changing the trajectory of
the light in the solar cell. These strategies are extensively employed in silicon solar cells by the
application of antireflective coatings and textured layers,7,8 but such examples are not very
common in polymer solar cells. To improve light trapping in polymer solar cells, various
approaches have been developed.9,10 Examples include depositing the active layers on textured
substrates,11-13 using microprism substrates,14 diffraction gratings,15 application of plasmonic
elements,16-19 and mounting two solar cells in the V-shape to make a reflective tandem polymer
solar cell.20 However, each of these methods has its own complications, mainly related to
device fabrication and making homogeneous layers through solution processing with high risks
of defects. Alternatively, relief textured front covers, with the texture facing outwards, are a
particular promising concept for reducing the reflection losses of a solar cell, because these
structures do not compromise the processing of the thin layer devices. A few texture designs
have been proposed such as an array based on (slanted) V-shaped grooves,21,22 (inverted)
pyramids, resonant dielectric nanosphere arrays,23,24 and (inverted) micro lenses.25,26 Recently, it
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was shown that by application of a polymeric micro lens array on various thin film organic
photovoltaic cells, substantial improvements in the light absorption and can be realized.27
In this paper, we demonstrate a polymeric retroreflective textured sheet which is produced
separately and applied onto the glass substrate after completion of the solar cell. The geometry
of the texture permits complete coverage and it is optimized not only to alter the angle of
incident light, but also to capture the light that would otherwise be reflected out of the
device.28 We demonstrate that, due to the enhanced light absorption, the power conversion
efficiency of a thin film polymer solar cell can be enhanced with as much as 19%. This increase
in validated by detailed optical modeling.

6.2 Retroreflective textured sheet
The retroreflective textured sheet is made from a cross-linked poly(dimethylsiloxane) (PDMS)
by a simple replication technique, using a stainless steel mold. A scanning electron micrograph
of the surface of the sheet is displayed in Figure 6.1a. On this side, the sheet contains an array
of tilted cubic structures (Figure 6.1b), several hundredths of micrometers in size. The foil is
flexible and can easily be applied to any hard substrate surface, by putting the even side in
conformal contact. When the light enters through the textured sheet it is bent, giving rise to an
enhanced optical path length inside the solar cell. More importantly, a large fraction of the light
that is not absorbed due to reflection at the substrate-air interface or incomplete absorption in
the photoactive layer, is reflected back to the absorber by the textured sheet, owing to the
angles of textured polymer-air interfaces. Light bouncing back from the textured sheet will
reenter the absorber layer at a comparatively small angle, further increasing the optical path
through the absorber, allowing very effective absorption (Figure 6.1c-d).
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(a)

(b)

(c)

(d)

Figure 6.1 (a) Scanning electron microscopy image of the textured surface of the PDMS retroreflective sheet with 1
mm high structures. (b) 3-D representation of a single optical element that makes up the textured sheet. (c) Large scale
mock-up of one optical element, placed on a reflective silicon wafer. The optical path of a laser beam clearly
demonstrates the working principle. Upon entering the model, the beam is first refracted (1), and after reflection on
the silicon surface (2) the beam is back reflected at the polymer-air interface (3). (d) 2-D representation of the
trajectory of the light, illustrating the enhanced path length of the light through the absorber layer and the back
reflection due to the textured sheet. The 1st, 2nd, 3rd, and 4th pass of light are indicated by red, orange, yellow, and
green lines, respectively. (a)+(c) Reproduced with permission from Ref. 28. Copyright 2012, John Wiley & Sons, Ltd.

6.3 Efficiency enhancement in solar cells of varying sizes
The effect of the textured sheet was tested on optimized narrow band gap single junction
polymer solar cells with poly[{2,5-bis(2-hexyldecyl)-2,3,5,6-tetrahydro-3,6-dioxopyrrolo[3,4c]pyrrole-1,4-diyl}- alt -{[2,2’-(1,4-phenylene)bisthiophene]-5,5’-diyl}] (PDPPTPT) as electron
donor and [6,6]-phenyl-C61 butyric acid methyl ester ([60]PCBM) as electron acceptor (Figure
6.2a).29 The polymer fullerene absorber layer was sandwiched between patterned ITO
substrates coated with poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
and LiF/Al as reflective back contact (Figure 6.2b). The cell area was determined by the area of
overlap between the ITO and Al contacts. Initial current density − voltage (J-V) measurements
on substrates with cells of different dimensions (9, 16, 36, and 100 mm2) reveal a large effect of
the textured sheet on the short circuit current density (Jsc), but the magnitude varies greatly for
cells of different sizes (Figure 6.3). We relate this variation to the large lateral area over which
the light is being dispersed by the sheet, which is sizeable compared to cell areas. Especially the
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light retroreflected by the texture will travel at a small angle through the sheet and the glass
substrate, and it will therefore be displaced by as much as millimeters away from where the
light initially entered the device. As a consequence, the area over edge ratio of the cell, and the
optical properties of the substrate around the designated cell area dramatically influence the
incoupling. Especially, the size and proximity of the metal contacts of neighboring cell have a
profound effect.
(a)

(b)

(c)

Figure 6.2 (a) Molecular structures of PDPPTPT and [60]PCBM. (b) Schematic layout of a “standard” photovoltaic
device with the textured sheet of PDMS. (c) Layout of a device with textured PDMS sheet with an additional
aluminum back reflector, which is separated from the photovoltaic cell by a thick insulating LiF layer.

Measurements using a fixed size small aperture (d = 2 mm) centered on the various cells
indicate the extent of the lateral dispersion of the incoming light. Figure 6.3 displays the
textured sheet related increase in Jsc as a function of the device area. For the smallest device
area (3 × 3 mm2), the average enhancement is ca. 6%, but an average improvement of 17% is
obtained for 10 × 10 mm2 devices. Lower enhancements for smaller cells are due to the fact
that for small cells a sizeable fraction of the light entering through the aperture is dispersed
away from cell area. The observation that the 6 × 6 mm2 cells afford significantly smaller
currents than the 10 × 10 mm2 devices indicates that light undergoes lateral displacements over
distances larger than 2 mm.
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Figure 6.3 Increase in the current owing to the textured sheet vs. device area. Cells were illuminated through a circular
aperture (d = 2 mm). Drawings indicate the dimensions of the aperture (white) with respect to the square device area,
defined by the overlap area of ITO bottom and LiF/Al top contacts.

6.4 Efficiency enhancement in solar cells with an additional
back reflector
According to Figure 6.3, measurements through an aperture on much larger cell area most
accurately reflect the absorption increase. However, no relevant J-V characterization can be
done if such a small fraction of the device is illuminated, since dark currents originate from an
area that is over 30 times larger. Therefore, for J-V measurements dedicated devices were
prepared with an additional reflector (23 × 23 mm 2) covering almost the complete substrate.
This was achieved by evaporating a thick insulating LiF layer and a reflective Al layer at the
back of the finished solar cell devices (Figure 6.2c). This way, the area surrounding the solar
cells has virtually identical optical properties and consequently equal amounts of light will be
coupled to and from the device area. We realize that this approach introduces some ambiguity
concerning the formal device area, but it solves a problem that is only prominent for typical
research type device structures which contain small cells on a much larger non-reflecting
substrate, very unlike actual large area modules, which are (nearly) completely covered by
photovoltaic cells. The J-V curves of a typical PDPPTPT:[60]PCBM solar cell, including back
reflector, under illumination with simulated solar light, with and without the textured sheet are
shown in Figure 6.4a.
Upon application of the retroreflective textured sheet, Jsc increases by 18.4% on average. In the
best case the improvements amounts to 19.7%, raising the current density from 9.2 to 11.0 mA
cm−2 (Table 6.1). Such enhancements fit quite well with the magnitude of the current increase
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obtained with the 10 × 10 mm2 cells, illuminated through an aperture. The improved currents
are confirmed by external quantum efficiency (EQE) measurements (Figure 6.4b), which
display improved quantum efficiency over the whole spectral range, when the textured sheet is
added. The largest EQE increase (>50% at 510 nm) occurs at wavelengths where the solar cell
absorption is weaker, because in this range more of the incident light is reflected towards to
retroreflective sheet.
(a)

(b)
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Figure 6.4 (a) Current density-voltage curves for a PDPPTPT:[60]PCBM solar cell with an additional back reflector,
measured with and without the textured sheet. (b) EQE of the PDPPTPT:[60]PCBM cell, measured with and without
the textured sheet.

Integration of the EQE data with the AM 1.5G solar spectrum is used to accurately determine
Jsc under solar irradiance. It reveals a relative improvement of 19%, which is in excellent
accordance with the increase observed in the J-V measurements. Combining this current
density (Jsc(EQE) = 11.7 mA cm−2) with the open circuit voltage (Voc) and FF from the J-V
measurement which are virtually unaffected by the sheet (Table 6.1), provides a power
conversion efficiency, η = 5.5%, which is 19% higher than the device without textured sheet.
Table 6.1 Comparison of the photovoltaic parameters with and without textured sheet.

Device type
Without textured sheet
With textured sheet

Jsca

[mA cm−2]
9.2
11.0

Jsc (EQE)b
[mA cm−2]
9.8
11.7

Voc

[V]
0.79
0.78

FF
[-]
0.60
0.60

ηc
[%]
4.6
5.5

Determined from J-V measurement under simulated solar irradiation.
Determined by convolution of the EQE with the AM1.5G solar spectrum.
c Calculated using J (EQE).
sc
a

b
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6.5 Validation of the efficiency enhancement by optical
measurements and modeling
To further corroborate the improvement in the absorption, reflection measurements (Figure
6.5a) were carried out. These measurements confirm the substantial reduction in reflection
losses, particularly in the 350-600 nm range. However, the relative improvement in the EQE is
smaller than the relative reduction of the reflection shown in Figure 6.5b. This is related to the
fact that not all light is absorbed in the photoactive blend, where charge carriers are generated.
Some parasitic absorption occurs in the ITO and PEDOT:PSS layers as well, and increasing
the optical path length of the light through the optical stack will inevitably also lead to
increased parasitic absorption in these layers.
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Figure 6.5 (a) Reflection measurements on PDPPTPT:[60]PCBM solar cells, measured with and without the textured
sheet. (b) Comparison between the reduced reflection, improved EQE, and the calculated improvement in the
absorption in the photoactive layer (APAL) for k// = k A (V) and for

k A = 0 (U).

To quantify the absorption increase in the absorber layer we used optical simulations. Since the
optical structure contains macroscopic elements (structure of the textured sheet, substrate
thickness), as well as elements with sub wavelength dimensions (layer thicknesses within the
solar cell), two formalisms, ray tracing and transfer matrix, were combined. To determine the
angles at which light of specific wavelengths enters the solar cell after passing through the
texture and glass substrate and to calculate the trajectory of the back reflected light, ray tracing
calculations were performed on a representative model, using a perfect mirror instead of the
actual photovoltaic cell (Figure 6.1d). Furthermore, the percentages of light intensity at each
angle were determined. After obtaining the relative intensity of light travelling at various angles,
the attenuation of these waves was calculated for each specific angle using the transfer matrix
formalism. For the thin organic layers (PEDOT:PSS and PDPPTPT:[60]PCBM) the required
in-plane extinction coefficient ( k// ) was determined by reflection/transmission measurements.
For the out-of-plane extinction coefficient ( k A ) two scenarios were investigated: the
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extinction is isotropic ( k// = k A ), and also an extreme case, assuming k A = 0, since for many
conjugated polymers the k A is significantly lower than k// , as a consequence of the polymer
chains lying preferentially in the plane of the substrate.30 With the distribution of the light
intensity over the different angles and the attenuation inside the photoactive layer, an absolute
percentage of absorption by the photoactive layer (APAL) was calculated. The ratio of these
values over the calculated percentage absorbed in a device without the retroreflective sheet is
displayed in Figure 6.5b both for ( k// = k A ) and for ( k A = 0). The measured relative
improvement of the EQE lies exactly in between the calculated values, consistent with the fact
that 0 < k A < k// . The optical simulations fully confirm that the observed improvement in the
current and EQE are real and exclude significant experimental artifacts. Furthermore, these
calculations provide insight into the relative contribution of the different optical effects
contributing to the increased light absorption. Especially for wavelengths where the optical
attenuation is low the back reflection accounts for the largest effect. For example, the
calculated improvement at 550 nm is more than 80% caused by the back reflection, compared
to less than 20% by the enhanced light path during the first pass of the light.

6.6 Conclusions
In conclusion, we have shown that the performance of an efficient polymer solar cell is
substantially enhanced by application of a retroreflective textured polymer film. The
improvement is caused by more effective light capture, affording a 19% increase in the power
conversion efficiency. The textured sheet can very easily be applied onto the substrate, after
completion of the device. As such, the preparation of the thin film device is not compromised.
Reflection measurements demonstrate the enhanced light trapping and the magnitude of the
resultant increase in EQE has accurately been modeled using a combination of ray tracing and
transfer matrix formalism methods. Largest improvements are obtained in spectral ranges with
low absorption, but even in the absorption maximum the light capture has improved,
indicating that the retroreflective sheet can also improve devices with broader spectral
sensitivities and/or thicker absorber layers, albeit less. The textured sheet is not materials or
substrate specific and can therefore provide an easy and effective way to increase the efficiency
of any type of photovoltaic cell, in particular thin film polymer or organic solar cell devices
which display incomplete light capture.
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6.7 Experimental
Materials
All commercial chemicals were used as received. PDPPTPT was provided by Johan Bijleveld.
[60]PCBM was obtained from Solenne BV.
Device preparation
The solar cells used in the measurements were prepared by first cleaning the Naranjo glass
substrates with indium tin oxide (ITO) patterns. Then PEDOT:PSS (Clevios® P VP AI 4083, H.
C. Starck) was filtered through Acrodisc® LC25mm syringe filter with 0.45μm PVDF membrane
and spin cast to obtain a 40 nm thick layer. The 100 nm active layer of PDPPTPT and [60]PCBM
(1:2, w:w) was then spin cast from a solution in 70 mg mL−1 o-dichlorobenzene/chloroform with
5 mg mL−1 polymer concentration. The solar cell was finalized by evaporating a back contact of 1
nm LiF and 100 nm Al under 3 × 10 −7 mbar pressure. The device area is defined by the overlap
of the ITO and Al electrodes and varies from 3×3 mm 2 to 10×10 mm2. The back reflector was
prepared by first evaporating an insulating layer of 150 nm LiF on top of the Al electrode to
prevent shorts, followed by 100 nm Al.
Fabrication of the retroreflective textured sheet
The retroreflective textured sheets were manufactured by replication. A stainless steel mold with
the negative of the texture was filled with a polydimethylsiloxane (PDMS) elastomer (Sylgard 184,
Dow Corning, refractive index 1.40-1.41)31 which was thermally cured. The filled mold was
covered with a glass plate to ensure a flat bottom surface. After curing, the silicone rubber like
retroreflective texture was removed from the mold and glass plate. Two versions with differently
sized textures (1.0 and 0.5 mm high) were tested, both giving identical results.
Characterization
The J-V characteristics of the devices were measured with a Keithley 2400 source unit and under
~100 mW cm−2 white light illumination from a tungsten-halogen lamp, filtered by a Schott
GG385 UV filter and a Hoya LB120 daylight filter. No mismatch correction was performed.
Accurate short circuit currents under AM1.5G were calculated by convolution of the EQE
measurements with the AM1.5G solar spectrum. Absolute EQE measurements on the devices
without retroreflective cover were done in a homebuilt set-up where mechanically modulated (SR
540, Stanford Research) monochromatic (Oriel Cornerstone 130) light from a 50 W tungsten
halogen lamp (Osram 64610) was used as a probe light, together with continuous bias light from a
solid state laser (B&W Tek Inc., λ = 532 nm, 30 mW) through an aperture of 2 mm diameter. The
intensity of the bias laser was adjusted to AM1.5G equivalent illumination intensity using a
variable neutral density filter. The response was recorded using a lock-in amplifier (Stanford
Research Systems SR830), over a resistance of 50 Ω and referenced to a calibrated silicon solar
cell. Devices were kept behind a quartz window in a nitrogen filled box during the measurements.
The EQE of the cells with retroreflective cover was measured without optical bias light and
relative to the EQE the devices without the retroreflective cover.
Layer thicknesses were measured with a surface profiler (Veeco Dektak 150).
Reflection measurements were performed on a large area (28×28 mm 2) device, with the use of a
UV-3102 PC spectrophotometer (Shimadzu). The samples were measured in a MPC-3100 large
sample-compartment (Shimadzu), especially suited for reflection measurements at an incident
angle of 8 degrees.
Simulation
Ray tracing calculations were done with TracePro Expert (Lambda research Corporation). Optical
modeling according transfer matrix formalism was performed with SetFosTM (version 2.1.439,
Fluxim AG, Switzerland). All fractions of light that became smaller than 0.1% of the incident
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intensity after dispersion and attenuation were neglected. For the simulation input, the optical
constants of the layers in the solar cells are measured either by ellipsometry or reflectiontransmission measurements. For PDMS, these values were obtained from literature. 31 The optical
properties of the glass and PDMS were taken as isotropic. For the thin polymer films
(PEDOT:PSS and PDPPTPT:[60]PCBM) both isotropic and anisotropic constants were
considered (see main text).
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Chapter 7
Photoelectrochemical Water Splitting
with Series Connected Single Junction
Polymer Solar Cells

Abstract
Photoelectrochemical water splitting with series connected single junction polymer solar cells is
modeled and demonstrated experimentally. Modeling the solar to hydrogen conversion
efficiency (ηSTH) for PEC water splitting as function of the optical band gap was performed
assuming a water splitting potential of 1.50 V for two, three and four series connected cells.
The highest ηSTH of 9.0% is expected for two series connected single junction cells with an
optical band gap of 1.53 eV. Water splitting experiments were performed with single junction
cells of three different band gap polymers (PTPTIBDT-OD, PTB7-Th and PDPP5T) blended
with [70]PCBM for two, three and four series connected configurations respectively. Applying
a retroreflective foil to the front of the cells, improved light incoupling and current generation
together with the ηSTH. The highest ηSTH of 6.1% was measured for three series connected
PTB7-Th:[70]PCBM cells with the retroreflective foil. PEC water splitting was also modeled
for triple junction polymer solar cells, having vertically stacked photoactive layers. A ηSTH of up
to 12.2% is predicted for triple junction cells. This simulation shows that, in theory, ηSTH can
be substantially higher with triple junction polymer solar cells compared to series connected
single junction cells. Yet, this prediction remains to be proven experimentally.
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7.1 Introduction
Reaching high efficiencies in photoelectrochemical (PEC) water splitting requires combining
two or more absorber layers in order to provide the necessary voltage. Single absorber
materials that provide sufficient voltages such as TiO2,1 give very low solar to hydrogen
conversion efficiencies (ηSTH) because they only absorb UV-light due to their high band gaps
that exceed 3.0 eV. The requirement of high band gap materials for a sufficiently high
potential, makes that single junction solar cells are less feasible for solar water splitting
purposes. Stacking different absorber materials on top of each other is a well-known way of
increasing photovoltaic efficiency and utilizing a broader portion of the solar spectrum. 2-5 If
the subcells are stacked in a series connection, they can serve for water splitting purposes.
Accordingly, PEC water splitting with solar cells generally involves the use of tandem or triple
junction solar cells with two or three absorber layers. 6-13
PEC water splitting with triple junction and tandem polymer solar cells has been demonstrated
in Chapters 2, 4 and 5 of this thesis. With the use of catalysts from precious metals, water
splitting potentials were reduced to ~1.50 V. Under this condition, there are two main
challenges in maximizing the solar cell and solar to hydrogen conversion efficiencies. First is
selecting suitable materials for high tandem or triple junction solar cell efficiency. Second is
eliminating losses occurring at the intermediate contact of a multiple junction polymer solar
cell. Especially the voltage loss occurring in the middle and back cells with intermediate or
wide band gap materials has imposed a significant limitation in designing multiple junction
cells. 14,15
Besides stacking multiple layers on top of each other, the necessary high voltage for water
splitting can also be obtained via series connection of single junction solar cells positioned next
to each other. Depending on the band gap of the absorber material, two, three or four single
junction solar cells of the same material can be connected in series and water splitting can be
tuned to take place at the maximum power point of these series connected solar cells. Lately,
several examples of a high ηSTH have been reported for PEC water splitting using series
connected single junction solar cells. Well-known examples involve the work of Jacobsson et
al., where three CuInxGa1-xSe2 cells are connected in series and combined with two platinum
electrodes for a ηSTH of over 10%.16 Grätzel et al. have demonstrated PEC water splitting with
two series connected CH3NH3PbI3 perovskite solar cells in combination with NiFe layered
double hydroxide catalysts at a ηSTH = 12.3%.17 In the work of Cox et al., four series connected
crystalline silicon solar cells are combined with earth-abundant nickel-borate (NiBi) and nickelmolybdenum-zinc (NiMoZn) catalysts resulting in a ηSTH of ~10%.18 Again, Jacobsson et al.
have carried a study on theoretical efficiency limits on PEC water splitting series connected
single junction inorganic solar cells in comparison with multiple junction solar cells. 19
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When considered for polymer solar cells, such an approach would eliminate any electrical or
optical losses that would otherwise occur in the intermediate contacts of a multiple junction
solar cell. Furthermore, the PEC water splitting cell would benefit from the higher long term
stability of a single junction polymer solar cell. On the other hand, because a single absorber
material is involved, harvesting the solar spectrum will not be as efficient as a multiple junction
solar cell with different absorber materials. In literature, an example of PEC water splitting
with series connected polymer solar cells is reported by Aoki et al. where, six series connected
P3HT:[60]PCBM devices are combined with platinum electrodes for water splitting. 20 The
series connected solar cells had an efficiency of 1.47%, but overall ηSTH was not reported. Even
though single junction solar cells are theoretically expected to show a lower performance
compared to multiple junction cells, presently the highest power conversion efficiencies
reached by single junction and multiple junction polymer solar cells are very similar. While
single junctions show efficiencies of 10-11%,21,22 multiple junctions are around 11-12%.5,23,24
Moreover, manufacturing a multiple junction device requires more effort and more material
than a single junction solar cell. Therefore, it is of interest to compare water splitting
performances of series connected single junctions to triple junctions. Since no single junction
polymer solar cell is able to split water at ~1.50 V, any combination of two, three or four series
connected single junction can be considered for water splitting and compared with highest
efficiency from triple junction solar cell.
The ηSTH of PEC water splitting with series connected single junction solar cells can further be
increased by improving the incoupling of light in single junction solar cells. In Chapter 6 it has
been shown that a retroreflective textured sheet (foil) applied on a completed single junction
polymer solar cell can alter the path of the light that enters the solar cell. Not only the path
length of the light is increased, but also more light is trapped inside the solar cell. This results
in increased absorption of light that would otherwise be reflected out of the solar cell. 25 The
application of a retroreflective foil on a multiple junction polymer solar cell requires further
optical modeling. Hence, an improvement on a multiple junction cell has not been proven yet.
However, applying the foil on a single junction solar cell can increase its current generation,
which will ultimately contribute to solar to hydrogen conversion efficiency.
Here, PEC water splitting with two, three or four series connected polymer solar cells is
investigated. First, theoretical ηSTH limits were determined for water splitting with series
connected single junction solar cells. Three different photoactive layers that are expected to
give a high ηSTH were selected based on the theoretical calculations. Depending on the band
gap of the materials, two, three or four of these cells were connected in series for PEC water
splitting. The efficiency of PEC water splitting was further improved by application of a
retroreflective foil to improve light absorption. The results were then compared with
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theoretical calculations and reasons for the differences were discussed. A final comparison was
performed by theoretically calculating the highest solar to hydrogen conversion efficiency from
a triple junction polymer solar cell.

7.2 Predicting highest ηSTH with series connected single
junction polymer solar cells
The expected ηSTH for two, three and four series connected single junction polymer solar cells
were calculated as a function of the band gap (Eg) of the photoactive layer. Modeling was done
under a number of assumptions. First, the single junction solar cell characteristics at a given Eg
were determined. The open circuit voltage (Voc) of the solar cell was based on previous
experiments of the minimum energy loss in polymer solar cells, as eVoc = Eg - 0.6 eV, where e
is the elementary charge.26 The short circuit current density (Jsc) of the solar cell was calculated
by assuming a fixed external quantum efficiency (EQE) of 0.65 below the optical band gap and
integrating the EQE with the AM1.5G solar spectrum. The fill factor (FF) was fixed at 0.65 by
using a normalized current density-voltage (J-V) curve of an experimentally measured solar
cell. The water splitting potential was set as 1.50 V based on a previous experiment where a
small area solar cell is combined with large area catalysts of ruthenium oxide (RuO 2) and
platinum (Pt) as RuO2 – Pt.15 To calculate the ηSTH, two, three or four single junction solar cells
were electrically connected in series and the current density at 1.50 V (J1.50V) was determined.
The current density at 1.50 V was then converted into ηSTH according to equation 7.1,
assuming 100% Faradaic efficiency:
ηSTH =

J1.50V × E0H2O
Pin

=

J1.50V × 1.23
100

×100%

(7.1)

The solid lines in Figure 7.1 show the calculated ηSTH versus optical band gap of the
photoactive material for two, three and four series connected single junction polymer solar
cells. These calculations suggest that highest ηSTH can be achieved with two series connected
wide band gap solar cells. The optimal band gap in this case is 1.53 eV with a ηSTH of ~9.0%.
For three and four series connected cells, the highest possible ηSTH slightly reduces to 8.4% and
7.6%, respectively.
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Figure 7.1 Predicted ηSTH for a PEC water splitting cell that operates at 1.50 V with two, three or four series connected
single junction polymer solar cells with varying band gaps. Single junction cells are assumed to have an EQE of 0.65
and a FF of 0.65. Solid lines correspond to calculations based on Eg - eVoc = 0.6 eV, dashed lines are based on Eg eVoc = 0.8 eV.

Even though the minimum energy loss of Eg - eVoc = 0.6 eV would give efficient single
junction solar cells, examples of very high efficiency solar cells often contain photoactive
materials where Eg - eVoc ≈ 0.8 eV, mainly because of more efficient charge generation at
higher energy loss.27,28 Therefore, the calculations where repeated using eVoc = Eg - 0.8 eV
(shown in Figure 7.1 with the dashed lines). These calculations suggest that ηSTH can reach
6.9%, 6.9% and 6.2% for two, three and four series connected single junctions respectively.
The reduced ηSTH for an energy loss of 0.8 eV, is purely due to the reduced Voc of the solar
cells, which shifts the operating current density to a lower value.

7.3 Choice of materials
The dashed lines in Figure 7.1 suggest photoactive materials with band gaps of 1.72 eV, 1.44
eV and 1.31 eV for optimized two, three and four series connected cells. The actual selection
of the materials, however was done by also taking into account the Voc of single junction solar
cells made with these materials. Polymers chosen for two, three and four series connected cell
configurations are PTPTIBDT-OD (poly(4,10-(2'-octyldodecyl)-4,10-dihydrothieno[2',3':5,6]pyrido[3,4-g]thieno[3,2-c]isoquinoline-5,11-dione-co-benzo[1,2-b:4,5-b']dithiophene), PTB7-Th
(poly[(4,8-bis-(2-ethylhexyloxy)-benzo[1,2-b:4,5-b0](dithiophene)-2,6-diyl-alt-(4-(2-ethylhexanoyl)-thieno[3,4-b]thiophene)-2,6-diyl]) and PDPP5T (poly[3,6-bis(4'-dodecyl[2,2' -bithiophen]5-yl)-2,5-bis(2-hexyldecyl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-l,4-dione-alt-thiophene-2,5-diyl])
respectively. Figure 7.2 shows molecular structures of the selected polymers. Band gaps of the
selected materials are listed in Table 7.1.
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Figure 7.2 Structures of PTPTIBDT-OD, PTB7-Th and PDPP5T polymers.

Single junction polymer solar cells were made by blending these polymers with [6,6]-phenylC71-butyric acid methyl ester ([70]PCBM). Figure 7.3a shows the J-V curves for single junction
solar cells of each material with optimized thicknesses.
The PTPTIBDT-OD:[70]PCBM cell has a Voc of 0.90 V. Based on the optical band gap of
PTPTIBDT-OD (1.89 eV) the cell has a high energy loss (Eg - eVoc) of 0.99 eV (Table 7.1). It
is, however, important to realize that in fact charge transfer can also take place from the
acceptor to the donor material. In this case, the energy loss would be 0.85 eV based on Eg =
1.75 eV for [70]PCBM. Nonetheless, two series connected PTPTIBDT-OD:[70]PCBM cells
can provide the sufficient voltage for water splitting (at 1.50 V) which is expected to happen
close to the maximum power point (MPP). The PTB7-Th:[70]PCBM cell has a lower energy
loss (0.77 eV) with Eg = 1.56 eV and Voc = 0.79 V. A Voc of ~2.4 V is expected when three
PTB7-Th:[70]PCBM cells are connected in series. This high Voc might result in the cell to
operate below its maximum power point during water splitting. PDPP5T also has a band gap
(Eg = 1.44 eV) lying above the suggested value by the simulation (Eg = 1.31 eV) for four series
connected cells. In fact, the band gap of this polymer is exactly the same with what is
suggested for three series connected cells. However, due to the high energy loss of 0.89 eV, the
Voc of PDPP5T:[70]PCBM cell is only 0.55 V. This voltage is not high enough for efficient
water splitting with three series connected cells. The corresponding EQE measurements of the
single junction cells are shown in Figure 7.3b. The maximum EQEs for all solar cells are
around 0.65.
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Figure 7.3 (a) J-V curves of single junction solar cells made with three polymers with different optical band gaps. (b)
EQE measurements of the same cells. In the legend the Jsc of the single junction determined by integrating the EQE
with the AM1.5G spectrum is given.
Table 7.1 Selected polymers for PEC water splitting with series connected single junction polymer solar cells

Polymer
PTPTIBDT-OD
PTB7-Th
PDPP5T

Eg [eV]

Voc [V]

1.89
1.56
1.44

0.90
0.79
0.55

Eg - eVoc [eV]
0.99
0.77
0.89

7.4 PEC water splitting with series connected single junction
polymer solar cells
Water splitting experiments were performed with RuO 2 and Pt catalysts for oxygen and
hydrogen evolution reactions in 1.0 M KOH electrolyte. The RuO 2 catalyst was deposited onto
a titanium substrate by thermal decomposition of RuCl3. To reduce current density and
overpotentials on catalyst surfaces, large area catalysts were combined with relatively smaller
sized solar cells. The solar cell surface areas were 0.12 cm 2 per single series connected cell. The
catalyst surface areas were ~1.2 cm2 for RuO2 and ~1.5 cm2 for Pt. As one substrate consists
of four equally sized (0.12 cm2) solar cells, series connection of the single junction cells was
easily done via external wiring. Solar cells and catalysts were also connected externally. The
electrochemical experiment took place in air, but the substrates with solar cells were kept
behind a quartz window in a nitrogen filled box during the measurements. The box was aligned
precisely allowing every cell on the substrate to perform under identical illumination
conditions. The solar cells were then illuminated with simulated AM 1.5G solar light for 20
min. water splitting.
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PEC water splitting with two series connected PTPTIBDT-OD:[70]PCBM cells
A single junction PTPTIBDT-OD:[70]PCBM cell has an efficiency of ~5.5% (Table 7.2). In a
first approximation, the efficiency remains the same when two cells with the same area are
connected in series because the Voc doubles and the Jsc halves. However, some losses are
increased because the current now passes both photoactive layers. This results in a minor
reduction in the FF, and consequently the series connected cells have an efficiency of ~5.2%.
When the retroreflective foil is applied onto the substrate, the efficiency of the series
connected cells increases by 14.5%, which is purely due to the increased Jsc of the solar cells.
This is an expected improvement due to increased light incoupling as explained previously. 25
We attribute the slight increase in the Voc of the cells with the foil (1.83 V) to the variation
between different measurements.
The simultaneous current density and voltage characteristics of two series connected cells,
measured during the 20 min. water splitting experiment are shown in Figure 7.4b. Solid lines
correspond to measurement without the retroreflective foil, while dashed lines belong to the
measurements with the foil. There is a clear difference between the current generation with
and without the foil throughout the entire 20 min. period. After 15 min. of operation, the
stabilized operating current density (Jop) without the foil is 3.49 mA cm-2, while this values
increases to 3.77 mA cm-2 when the foil is applied. On the other hand, the operating voltages
(Vop) with and without foil are very similar. This is in fact expected from J-V characteristics of
the catalysts used. A large increase in the current density corresponds to a very small increase
in the catalyst operating voltage.
Figure 7.4a shows the J-V characteristics of the series connected solar cells with retroreflective
foil just before, during and after the 20 min. experiment. J-V curves of the solar cells before
and after the water splitting experiment show a slight reduction in Jsc and Voc, which might be
a measurement artefact specific to this measurement that is not observed in other
measurements. Taking the stabilized Jop at 15 min. and assuming 100% Faradaic efficiency, the
ηSTH is calculated as:
ηSTH =1.23 × Jop / Pin =1.23 × 3.49 / 100 = 4.29%
ηSTH =1.23 × 3.77 / 100 = 4.64%

without retroreflective foil,

with retroreflective foil.

After stabilization, the ηSTH increases by 8% when the retroreflective foil is applied.
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Table 7.2 J-V characteristics of single junction and two series connected PTPTIBDT-OD:[70]PCBM solar cells with
and without retroreflective foil for improved light incoupling.

Cell Type
Single Junction
2 series connected
2 series connected-foil
a

Jsc

[mA cm-2]
8.87a
4.42
4.95

Voc

[V]
0.90
1.80
1.83

FF
[-]
0.69
0.66
0.66

MPP
[mW cm-2]
5.49
5.24
6.01

Determined by integrating EQE of the solar cell with AM1.5G spectrum.

PEC water splitting with three series connected PTB7-Th:[70]PCBM cells
PTB7-Th:[70]PCBM single junction and three series connected cells both had an efficiency of
around 7.8%. The efficiency of three series connected cells can be increased by 9.9% by
applying the retroreflective foil (Table 7.3). The simultaneous current density and voltage
characteristics of series connected cells for 20 min. water splitting (Figure 7.4d) show an
excellent stability for both cells with (dashed lines) and without (solid lines) the retroreflective
foil. After 15 min. of operation, the stabilized Jop without the foil is 4.46 mA cm-2, while this
values increases to 4.95 mA cm-2 when the foil is applied. Assuming 100% Faradaic efficiency,
the ηSTH is:
ηSTH =1.23 × 4.46 / 100 = 5.49%

without retroreflective foil,

ηSTH =1.23 × 4.95 / 100 = 6.09%

with retroreflective foil.

Application of the retroreflective foil increases ηSTH by 11%. J-V curves of the solar cells with
the foil before and after the water splitting experiment (Figure 7.4c) also show a good stability
of the solar cells. Revisiting Figure 7.4c, it is striking that the solar cell actually operates at a
lower voltage (Vop = 1.50 V) than its maximum power point voltage (Vmax = 1.90 V). The
large difference of 0.4 V between Vop and Vmax of this cell is consistent with the fact that the
selected polymer has a larger band gap (Eg = 1.56 eV) than the value suggested by the
modeling for three series connected cells (Eg-opt. = 1.44 eV).
Table 7.3 J-V characteristics of single junction and three series connected PTB7-Th:[70]PCBM solar cells with and
without retroreflective foil for improved light incoupling.

Cell Type
Single Junction
3 series connected
3 series connected-foil
a

Jsc

[mA cm-2]
14.04a
4.72
5.26

Voc

[V]
0.79
2.38
2.38

FF
[-]
0.70
0.70
0.69

MPP
[mW cm-2]
7.79
7.87
8.65

Determined by integrating EQE of the solar cell with AM1.5G spectrum.
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PEC water splitting with four series connected PDPP5T:[70]PCBM cells
The efficiency of four series connected PDPP5T:[70]PCBM single junction cells increases by
8.5% with the application of the foil (Table 7.4). The excellent stability of PEC water splitting
with and without the foil is clear from the simultaneous J-V measurements during water
splitting (Figure 7.4f). Likewise, Figure 7.4e shows a good stability of the solar cell with the
retroreflective foil. The Jop after 15 min. of operation suggest that the efficiencies are:
ηSTH =1.23 × 3.64 / 100 = 4.48%

without retroreflective foil,

ηSTH =1.23 × 4.02 / 100 = 4.94%

with retroreflective foil.

Application of the retroreflective foil increases ηSTH by 10%. With a Vop = 1.51 V, this cell also
operates below its maximum power point (Vmax of 1.61 V).
Table 7.4 J-V characteristics of single junction and four series connected PDPP5T:[70]PCBM solar cells with and
without retroreflective foil for improved light incoupling.

Cell Type
Single Junction
4 series connected
4 series connected-foil
a

Jsc

[mA cm-2]
16.23a
4.09
4.57

Voc

[V]
0.55
2.24
2.23

Determined by integrating EQE of the solar cell with AM1.5G spectrum.
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FF
[-]
0.62
0.62
0.60

MPP
[mW cm-2]
5.57
5.65
6.13
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Figure 7.4 (a,c,e) JV curves of series connected solar cells with retroreflective foil before, during and after water
splitting measurement of 20 min. (b,d,f) Simultaneous measurement of operating voltage and current density of the
solar cells with (dashed lines) and without (solid lines) retroreflective foil during photoelectrochemical water splitting.
2, 3 or 4 cells of 0.12 cm2 were connected in series and then connected to RuO2 – Pt catalysts in 1.0 M KOH. The
light source is not chopped and the electrolyte is not stirred during measurements.

In Figure 7.5, experimental ηSTH are compared to the predictions for PEC water splitting with
two, three or four series connected single junction cells. Since all the selected polymers had
energy losses of Eg - eVoc ≥ 0.8 eV, the predictions with Eg - eVoc = 0.8 eV were used for
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comparison. The highest ηSTH of 6.1% belongs to three series connected PTB7-Th:[70]PCBM
cells with the retroreflective foil. In fact, all three selected polymers had band gaps higher than
the optimum band gaps suggested by the simulations (Table 7.5). However, only PTB7Th:[70]PCBM suffered seriously from operating below its MPP since the other two materials
had larger energy losses than desired. All measurements were situated below the simulated
values. This was expected due to a couple of reasons. The first and main reason is the
mismatch between the assumed and actual energy losses, which caused for example
PDPP5T:[70]PCBM cell to operate in a four series connected structure instead of three.
Because the current is divided into four instead of three cells, the ηSTH is significantly less than
what it could ideally be. The second reason for lower performances is that the assumption of a
flat EQE of 0.65 is not really met. Even though the solar cells reach a maximum EQE of 0.65,
the EQE is less than 0.65 in various parts of the spectrum (Figure 7.3b). Hence, the current
density and ηSTH are less than the values expected from the modeling. The experimental fill
factors however do not deviate much from the assumption that FF = 0.65.

10
2 series calc.
3 series calc.
4 series calc.
measured
measured with foil

Eg-eVoc = 0.8 eV

KSTH [%]

8

6

4

2

0
0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

Band gap Eg [eV]

Figure 7.5 Predicted and experimental ηSTH for PEC water splitting cells with two, three or four series connected
single junction polymer solar cells per varying polymer band gap. The predictions are based on single junction cells
with a fixed EQE of 0.65 and a fixed FF of 0.65. The energy loss is taken as Eg - eVoc = 0.8 eV and water splitting is
assumed to take place at 1.50 V.
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Table 7.5 Summary and comparison of simulated and measured ηSTH of PEC water splitting with series connected
single junction solar cells.

Cell Type

2 series
connection
3 series
connection
4 series
connection
a

Optimum
Eg [eV]

Selected
Eg [eV]

Predicteda
ηSTH [%]

Measured
ηSTH [%]

Measured
ηSTH - foil
[%]

Improvement
in ηSTH by the
foil [%]

1.72

1.89

6.9

4.3

4.6

8.2

1.44

1.56

6.9

5.5

6.1

10.9

1.31

1.44

6.2

4.5

4.9

10.3

Based on Eg - eVoc = 0.8 eV.

7.5 Predicting highest ηSTH with triple junction polymer solar
cells
A simulation was carried out to calculate the theoretical ηSTH limits of PEC water splitting with
triple junction solar cells having vertically stacked photoactive layers. This result can be
compared to ηSTH with series connected single junction cells. The modeling for triple junction
polymer solar cell efficiency was based on a previous study of H. van Eersel and was modified
further to calculate ηSTH.2,29,30 Similar to the series connected single junction modeling, the FF
was fixed at 0.65 for the triple junction cell. The EQE was also set to 0.65 for the individual
subcells inside the triple junction cell. The simulation was run for two different energy losses.
For the highest attainable efficiency, Eg - eVoc = 0.6 eV was used, while for a more direct
comparison with experimentally accessible materials, Eg - eVoc = 0.8 eV was assumed. Figure
7.6 shows the theoretical predictions for ηSTH of PEC water splitting with triple junction
polymer solar cells. With an energy loss of 0.6 eV (Figure 7.6a), the highest predicted ηSTH is
~12.2%. The triple junction solar cell here consists of materials with band gaps of 750 nm
(1.65 eV), 990 nm (1.25 eV) and 1230 nm (1.01 eV). When the simulation is done for Eg - eVoc
= 0.8 eV, the highest ηSTH reduces to ~10.0% (Figure 7.6b). The triple junction solar cell
required here has materials with band gaps of 700 nm (1.77 eV), 880 nm (1.41 eV), 1060 nm
(1.17 eV).
Revisiting ηSTH calculations with series connected single junction cells, it can be seen that the
highest efficiencies belong to two series connected cells. For 0.6 eV and 0.8 eV energy losses,
highest ηSTH were calculated as 9.0% and 6.9% respectively. With triple junction solar cells, the
corresponding values are found to be 12.2% and 10.0%. Even though it is not experimentally
proven yet, PEC water splitting with triple junction polymer solar cells can theoretically
outperform water splitting with series connected single junction polymer solar cells. A
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significant barrier in front of a high efficiency triple junction polymer solar cell for the time
being is the voltage losses in the intermediate contacts.14 One way of minimizing these losses is
demonstrated previously in this thesis by using molybdenum oxide layer. 15 In fact, especially
ηSTH = 10.0% with Eg - eVoc = 0.8 eV appears to be possible using a triple junction polymer
solar cell if the correct material combination is available.
(a)

(b)

Figure 7.6 Theoretical predictions for ηSTH of a PEC water splitting cell that operates at 1.50 V with a triple junction
polymer solar cell as a function of the band gaps (in λ) of front, middle and back cells. All subcells are assumed to have
an EQE of 0.65 and the triple junction cell is modeled with a FF of 0.65. The energy losses were based on (a) Eg - eVoc
= 0.6 eV and (b) Eg - eVoc = 0.8 eV. The regions with highest efficiency are pointed with arrows.

7.6 Conclusions
PEC water splitting with series connected single junction polymer solar cells was simulated for
highest ηSTH. Three polymers with different Eg were selected for two, three and four series
connected configurations. Single junction solar cells from these polymers were used in water
splitting experiments. To further improve ηSTH by increased light incoupling, the retroreflective
foil was also applied during water splitting experiments. Highest simulated ηSTH was 6.9% for
both two and three series connected cells assuming an energy loss of Eg - eVoc = 0.8 eV.
Experimentally, the highest ηSTH of 6.1% was obtained for three series connected PTB7Th:[70]PCBM cells and applying a retroreflective foil.
The selected polymers had higher band gaps than the optimum values suggested by the
simulations. This resulted in the PTB7-Th:[70]PCBM to operate below its full power during
water splitting. However for the other two materials, the energy losses were higher than the
assumptions. Therefore those devices operated closer to their maximum power points.
Moreover, all experimental results were less than the calculations. The lower performances are
partly due to the mismatch between the assumed and actual energy losses. This occurs for
PTPTIBDT-OD:[70]PCBM and PDPP5T:[70]PCBM solar cells, especially affecting
PDPP5T:[70]PCBM to operate in four series connected configuration instead of three. Second,
the assumption of a flat EQE of 0.65 in the simulations is not met in the actual cells.
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The ηSTH was also modeled for a triple junction polymer solar cell with vertically stacked
absorber layers. The highest ηSTH in this case was found to be higher than the ηSTH for series
connected solar cells. This simulation shows that the efficiency of PEC water splitting can be
higher with triple junction polymer solar cells than series connected single junction polymer
solar cells. A ηSTH of 10% seems within reach once the correct material combination can be
prepared.

7.7 Experimental
Materials
All commercial chemicals were used as received. PTB7-Th was obtained from 1-Material.
PDPP5T was generously provided by BASF. PTPTIBDT-OD was synthesized by G.W.P. van
Pruissen.31 [70]PCBM was obtained from Solenne BV. Ruthenium(III) chloride (35-40% Ru) was
obtained from Acros Organics. Platinum plate was obtained from Drijfhout. Water used in
depositions and electrolytes was purified in a Millipore system and has a resistance of at least 18
MΩ.
RuO2 catalyst
Ti plates with 0.5 mm thickness and 1.5 cm × 2 cm area were sonicated in acetone and then
treated with air plasma in a Femto PCCE low pressure plasma system (Diener Electronic). A 270
W plasma was applied for 2 minutes.
RuO2 was prepared through thermal decomposition of RuCl 3. 0.2 M of aqueous RuCl3 was used
for deposition. To deposit the catalyst on Ti plate, 200 μL of this solution was placed onto the Ti
substrate to form a catalyst area of about 1.3 cm 2. The substrate was then dried on a 90 °C hot
plate for 20 min. and then oxidized in a 350 °C oven for 3 h. The same procedures were used to
prepare oxygen and hydrogen evolution RuO 2 catalysts.
Device preparation
Solar cells were prepared by first spin casting 40 nm PEDOT:PSS (Clevios® P VP AI 4083, H. C.
Starck) onto pre-cleaned glass substrates with indium tin oxide (ITO) patterns (Naranjo
Substrates). Prior to spin casting, PEDOT:PSS was filtered through Acrodisc® LC25mm syringe
filter with 0.45μm PVDF membrane. Then, the active layer was spin cast. The solar cells were
completed by thermally evaporating a back contact of 1 nm LiF and 100 nm Al at 3 × 10 -7 mbar.
115 nm of PTPTIBDT-OD:[70]PCBM active layer was spin cast from a solution of PTPTIBDTOD and [70]PCBM (1:1.5 w/w) in chloroform containing 10 vol% o-DCB at 7 mg mL-1 polymer
concentration.
104 nm of PTB7-Th:[70]PCBM active layer was spin cast from a solution of PTB7-Th and
[70]PCBM (1:2 w/w) in chlorobenzene containing 4 vol% DIO at 8 mg mL -1 polymer
concentration. The layer was spin cast in inert atmosphere.
125 nm of PDPP5T:[70]PCBM active layer was spin cast from a solution of PDPP5T and
[70]PCBM (1:2 w/w) in chloroform containing 10 vol% o-DCB at 6 mg mL-1 polymer
concentration.
Retroreflective foil
The retroreflective texture sheets were manufactured by replication. A stainless steel mold with
the negative of the texture was filled with a polydimethylsiloxane (PDMS) elastomer (Sylgard 184,
Dow Corning, refractive index 1.40-1.41)32 which was thermally cured. The filled mold was
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covered with a glass plate to ensure a flat bottom surface. After curing, the silicone rubber like
retroreflective texture was removed from the mold and glass plate. Four versions with differently
sized textures (1000, 500, 150 and 90 μm high) were tested, all gave identical results, but a very
slight improvement was observed with decreasing texture size. Therefore, these experiments were
performed by using textures with 90 μm height.
Characterization
A Keithley 2400 source-measurement unit was used to measure current density to voltage (J-V)
characteristics of the devices. The illumination was carried out with ~100 mW cm -2 white light
from a tungsten-halogen lamp filtered by a Schott GG385 UV filter and a Hoya LB120 daylight
filter. No mismatch correction was performed. The measurements were performed inside a glove
box with a nitrogen atmosphere. More accurate short circuit currents under AM1.5G were
calculated by convolution of the external quantum efficiency (EQE) measurements with the
AM1.5G solar spectrum.
EQE measurements were performed in a home-built set-up. Mechanically modulated (SR 540,
Stanford Research) monochromatic (Oriel Cornerstone 130) light from a 50 W tungsten halogen
lamp (Osram 64610) was used as a probe light together with continuous bias light from a solid
state laser (B&W Tek Inc., λ = 532 nm, 30 mW and λ = 780 nm, 21 mW) through an aperture of
2 mm diameter. The intensity of the bias laser was adjusted using a variable neutral density filter.
The response was recorded using a lock-in amplifier (Stanford Research Systems SR830), over a
resistance of 50 Ω. For all the single junction devices, the measurement was carried out under
representative illumination intensity (AM1.5G equivalent, provided by the 532 nm laser). A
calibrated silicon solar cell was used as reference. Devices were kept behind a quartz window in a
nitrogen filled box during the measurements.
Solar to hydrogen conversion efficiencies were determined using a home-built set-up. As the
water splitting experiments took place in air, the solar cells were kept behind a quartz window in a
nitrogen filled box and connected to the catalysts through external cables. Each substrate
included four solar cells with 0.12 cm 2 surface area. Depending on the type of the experiment 2, 3
or 4 of these cells were electrically connected in series. The solar cells were illuminated with
white-light from a tungsten-halogen lamp (~100 mW cm-2) filtered by a Schott GG385 UV filter
and a Hoya HMC 80A 72 mm daylight filter. The solar cell was positioned by making sure that
the short-circuit current in this setup corresponds to AM1.5G power standards. The short circuit
current density of 2, 3 or 4 series connected cells were based on the current limiting cell among
the series connected cells on the substrate, which was precisely measured by convoluting its EQE
measurement with AM1.5G solar spectrum. A Keithley 2600 source-measurement unit was used
for simultaneous measurement of current and voltage during water splitting.
Measurements with the retroreflective foil were performed by placing the foil on the front side of
the solar cell and a reflecting silver (Ag) mirror at the back side of the solar cell to balance the inand outcoupling of light.25 The reflecting mirror was prepared by evaporating 100 nm Ag and 300
nm lithium fluoride (LiF) on a 2 cm × 2 cm glass substrate with a thickness of 0.25 mm. LiF layer
was deposited as an insulator to prevent shorts in the solar cell during measurements. Rest of the
J-V and water splitting measurements were performed in the same way as the solar cells without
retroreflecting foil.
The optical modeling was done using PythonTM 2.6 scripts.
Layer thicknesses were measured with ‘Veeco Dektak 150’ surface profiler.
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Appendix
Faradaic efficiency
Throughout the water splitting experiments conducted in this thesis, the Faradaic efficiency
was assumed as 100%. Water splitting experiments together with collection of the generated
gas require gas-tight electrolytic cell designs. One complication is that, the total amount of
generated gas in these experiments is less than 1 mL h-1. Therefore, the design of electrolytic
cell for gas collection should be carefully done by eliminating extra resistances for gas flow and
collection. Moreover, the scale of the whole set-up should be reduced as far as possible to
minimize the amount of electrolyte and the air gap on top of it. In this respect, several set-ups
were designed for gas collection experiments. In the first experiment shown in Figure A1,
water slitting took place in 1.0 M KOH with two platinum (Pt) wires. Oxygen (O 2) and
hydrogen (H2) gasses were collected separately in plastic syringes by water displacement. At a
fixed applied current of 0.5 mA by a source-measurement unit for one hour, ~100 and ~200
μL O2 and H2 were collected respectively. The calculated amounts were 113 and 226 μL, which
corresponds to a Faradaic efficiency of >88%.

Figure A1 Separate gas collection with two Pt wires in 1.0 M KOH.

A second design shown in Figure A2 aims for measurement of generated gas from a
standalone photoelectrochemical cell. In a U-tube configuration, the total generated gas is
expected to push the electrolyte up in the graduated pipette. However, gas-tight sealing of the
lid was hard to maintain. Furthermore, the large amount of electrolyte and air on the surface
would warm up and expand due to the incident light from the solar simulator, which makes it
more challenging to have a stable measurement set-up. The amount of gas generated was also
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small compared to rest of the system, which increases the risk of more O2 and H2 gasses
dissolving in the electrolyte. Therefore, this design was not able to give reliable results.

Figure A2 Water splitting cell design to collect O2 and H2 gases from a standalone water splitting cell.

A final design, however, could give stable and reproducible results for gas collection. Shown in
Figure A3, the O2 and H2 gases are collected together in a round bottom flask, apart from the
solar cell. The volume of total collected gas is measured by displacement of water inside a
graduated cylinder. To account for any changes in the atmospheric pressure and temperature, a
reference graduated cylinder is also used and any change detected by the reference is used to
correct the amount of collected gas. Two different experiments were conducted on this set-up.
First one was done with two platinum wires as O 2 and H2 electrodes in 1.0 M KOH. At a fixed
5 mA current applied by a source-measurement unit for 40 min., the Faradaic efficiency turned
out to be 86.3%. At a second experiment, RuO2 for O2 evolution was combined with Pt foil
for H2 evolution in 1.0 M KOH (Figure A3). Gas collection experiment was then performed by
connecting this electrolytic cell to polymer solar cells.
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Teflon tube

(a)

3-neck round
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H2O
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(b)

Figure A3 (a) sketch and (b) picture of gas final collection design that can be universally used for any catalyst and
electrolyte combination.

Three PDPPTPT:[70]PCBM cells each with an area of 0.12 cm 2 were connected in series to
provide the high voltage required for water splitting. Table A1 shows the J-V characteristics of
three series connected cells. The maximum power point voltage of the three series connected
cells is at Vmax = 1.95 V. The solar cells were coupled to the catalysts and illuminated by
simulated AM 1.5G solar spectrum for 50 min. water splitting. Figure A4b shows the
simultaneous current density and voltage characteristics during water splitting. The solar cells
show a very stable operation during the 50 min. period. The stabilized operating voltage (Vop)
of the solar cell is ~1.61 V after 30 min. of operation. Previous experiments with these
catalysts took place at around Vop = 1.50 V. The reason of higher Vop in this experiment is
mainly due to the fact that the titanium electrode with RuO2 catalyst had to be mechanically
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rolled in order to fit through the neck of the round bottom flask. This mechanical intervention
might have caused a part of the catalyst to delaminate, which might have further continued
during water splitting at active generation of bubbles as Vop starts at 1.57 V and gradually
increases especially in the first 20 minutes.
The total gas collection is calculated by taking the area under the current density curve in
Figure A4b. The total amount of gas (O2 and H2) to be collected is calculated as 0.663 mL in
50 min. The measurements showed that ~0.585 mL of gas is collected, which corresponds to a
Faradaic efficiency of 88.2%. This percentage is also comparable to previous estimations with
Pt – Pt electrodes. One reason for the deviation from 100% Faradaic efficiency can be
dissolving of the generated O2 and H2 gases in the electrolyte and going through back reaction
on the opposite electrodes.
This water splitting experiment also shows that photoelectrochemical water splitting with
polymer solar cells takes place at a very good stability, also for longer periods than 20 min.
Both, the solar cell (Figure A4a) and the catalysts (Figure A4b) show no significant degradation
over the course of 50 min. water splitting.
Table A1 J-V characteristics of three series connected PDPPTPT:[70]PCBM single junction solar cells.
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Figure A4 (a) JV curves of three series connected PDPPTPT:[70]PCBM single junction solar cells before, during
and after water splitting measurement of 50 min. (b) Simultaneous measurement of operating voltage and current
density of the solar cell during photoelectrochemical water splitting. Three 0.12 cm2 series connected solar cells were
connected to RuO2 – Pt catalysts in 1.0 M KOH. The light source is not chopped and the electrolyte is not stirred
during measurements.
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Nature’s gifts are not always unlimited. Mankind needs energy in order to survive and develop.
For the time being this energy is mainly based on fossil fuels, but these will eventually deplete
or be very difficult to acquire. Fortunately, unlimited energy resources also exist in a great
abundance and are waiting for clever solutions to capture, store, and deliver them to where
necessary. Sunlight, being the most powerful of these resources, is already being harnessed in
various manners and is successfully contributing to global energy demand, albeit at a relatively
small scale until now. The scale of this contribution can be increased via a number of
achievements. First, technologies that can capture and convert solar energy into other forms of
energy at manageable costs need to be developed. The efficiency of conversion should be as
high as possible and the converted energy should be ready for storing and transporting for later
use at different locations. These definitions point towards solar fuels, where solar energy is
stored in the chemical bonds of materials. Among the possibilities, hydrogen as a solar fuel is a
strong candidate as it can be simply produced by water splitting, which is a relatively less
complicated process compared to producing carbon based fuels.
Capturing solar energy for water splitting purposes can be performed by solar cells, in
particular polymer solar cells, as they are composed of thin absorber layers that can be solution
processed on flexible substrates, which allows for fast roll to roll production and low costs. In
this respect, this thesis presents the efforts spent on hydrogen production through
photoelectrochemical (PEC) water splitting with polymer solar cells. Not only demonstration
of the process, but also optimization of the system and manufacturing of an ‘organic artificial
leaf’ is presented.
The first step towards building an artificial leaf is discovering the limits and requirements of
water splitting with polymer solar cells. Therefore, Chapter 2 presents a proof-of-concept
study, where PEC water splitting is performed with a triple junction polymer solar cell
connected to two Pt electrodes for oxygen and hydrogen evolution in an aqueous electrolyte.
The thermodynamic lower limit of 1.23 V and the overpotentials at the oxygen and hydrogen
evolution electrodes require a voltage of at least 1.70 V for this specific catalyst and electrolyte
combination. While a single junction or a series connected tandem polymer solar cell are
unable to provide efficient water splitting at such a high potential, a triple junction polymer
solar cell can provide this potential even close to its maximum power point. The 1+2 type
configuration of the triple junction polymer solar cell is also unique in itself as it offers a
method to obtain a higher efficiency from the combination of two materials where a tandem
configuration is insufficient due to unbalanced current generations of the subcells. This first
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study shows that water splitting with polymer solar cells is possible if the necessary high
potential is provided by a multiple junction solar cell configuration.
The electrolysis reaction with two Pt electrodes is suitable for demonstrating purposes,
however, Pt is not a very active electrode for the oxygen evolution reaction. Furthermore, a
solar water splitting device should ultimately be available for upscaling at low costs. Therefore,
the presence of precious elements should be avoided as much as possible. An electrocatalyst is
in general necessary in order to reduce the overpotentials during water splitting. In Chapter 3,
various oxygen and hydrogen evolution catalysts are characterized and compared. Catalysts
from precious metals with low overpotentials are investigated as well as earth-abundant
catalysts. It is important for a catalyst to attach well on the electrode and to be stable inside the
electrolyte where it operates. Under these requirements, ruthenium oxide (RuO2) is a
remarkably good catalyst for both oxygen and hydrogen evolution reactions. Among the earthabundant catalysts, cobalt oxide (Co3O4) and nickel-molybdenum-zinc (NiMoZn) alloy are
suitable options for oxygen and hydrogen evolution respectively as they can also operate in
electrolytes with near-neutral pH conditions.
After the demonstration of PEC water splitting with polymer solar cells, and selection of
suitable catalysts for higher efficiency water splitting, a next step can be performing high
efficiency PEC water splitting using the available materials. This process does not only require
combining efficient materials but also tuning the operating conditions for an optimized
performance. Chapter 4 presents organic artificial leaves composed of a high efficiency solar
cell combined with low overpotential catalysts from precious or earth-abundant materials. To
reduce overpotentials and increase solar to hydrogen conversion efficiency (ηSTH), a small area
solar cell is combined with relatively large area catalysts where the ratio of catalyst to solar cell
area is around 15-20. Under these circumstances, combining the solar cell with RuO 2 – RuO2
catalysts for oxygen and hydrogen evolution reactions gives ηSTH = 5.4% while the efficiency
with earth-abundant Co3O4 – NiMoZn catalysts is 4.9%. In both cases the water splitting takes
place at potentials close to the maximum power point of the solar cell (~1.50 V). In a more
realistic device configuration where the solar cell and catalyst surface areas are in the same
order of magnitude, the ηSTH drops down to 3.6% for water splitting with RuO2 – RuO2
catalysts. This decrease is due to increased current density on the catalyst surfaces, which
increases the overpotentials and ultimately water splitting takes place at a higher potential and
reduced efficiency. This result shows the importance of tuning the surface areas for optimized
efficiency in a PEC water splitting device.
Even though high efficiencies can be obtained with triple junction polymer solar cells, it is still
an open question if a tandem polymer solar cell can also perform PEC water splitting. In this
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case, the advantage can be a less complex device structure and if the necessary voltage is
reached, water splitting can take place at higher current densities compared to a triple junction
device. The biggest barrier against water splitting with tandem solar cells is the high water
splitting voltage that cannot be provided by an efficient tandem polymer solar cell.
Nevertheless, in Chapter 5 a 5.3% tandem polymer solar cell with sufficiently high voltage for
water splitting is presented. A high voltage tandem device is challenging due to the voltage
losses of the back cell since the intermediate contact includes a low work function pH neutral
PEDOT layer. However, evaporation of a thin MoOx layer onto pH neutral PEDOT can
increase the work function and provide a tandem device with minimized voltage losses. In this
respect, a homo-tandem consisting of two identical layers of PTPTIBDT-OD:[70]PCBM can
provide a high open circuit voltage (Voc) of 1.74 V. With a remarkably good fill factor of 0.73,
this solar cell can perform water splitting almost at its maximum power point (~1.50 V) with
ηSTH = ~4.3%, when combined to RuO2 – RuO2 or RuO2 – Pt catalysts for oxygen and
hydrogen evolutions.
Chapter 6 presents a universal method to enhance capturing of light and to increase the
efficiency of single junction organic solar cells. A retroreflective light trapping textured sheet
can simply be placed onto the completed solar cell to increase its efficiency. By passing
through the sheet, light is refracted and thus its path length inside the solar cell increases. The
chance of absorption rises even further when light is re-reflected by the sheet. Consequently,
the external quantum efficiency of the solar cell increases over the whole absorption range.
With the application of the foil, up to 19% relative increase in the current generation and the
solar cell efficiency is observed.
An alternative way of using solar cells for PEC water splitting purposes is by connecting a
number of single junction devices in series in order to provide the necessary voltage. Even
though multiple junction solar cells are expected to give higher efficiencies compared to single
junction solar cells, presently the highest efficiencies of the two configurations are similar and
therefore it is of interest to investigate PEC water splitting using a device structure as simple as
a single junction. PEC water splitting with two, three and four series connected single junction
polymer solar cells is modeled, tested and compared in Chapter 7. The model suggests 9.0%
solar to hydrogen conversion efficiency with two series connected single junction cells, and
reducing efficiencies with increasing number of series connected cells. However,
experimentally highest efficiency belongs to three series connected PTB7-Th:[70]PCBM cells
combined with RuO2 – Pt catalysts giving a ηSTH = 5.5%. By application of the retroreflective
sheet, the current generation and thus ηSTH increases up to 6.1%, which is in fact the highest
solar to hydrogen conversion efficiency reached throughout this thesis.
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Sommige giften van de natuur zijn helaas niet onbeperkt. De mensheid heeft energie nodig om
te overleven en zich te ontwikkelen. Momenteel is het grootste deel van deze energiebehoefte
gebaseerd op fossiele brandstoffen die uiteindelijk zullen uitputten of moeilijk verkrijgbaar
zullen worden. Gelukkig zijn er andere onbeperkte energiebronnen in de natuur aanwezig. Er
zijn echter slimme oplossingen nodig waarmee deze toegepast, opgeslagen en getransporteerd
kunnen worden. Zonlicht, de meest overvloedige van deze bronnen, wordt momenteel al
gebruikt om op verschillende manieren bij te dragen aan de wereldwijde vraag naar energie, zij
het momenteel op een kleine schaal. De grootte van deze bijdrage kan toenemen als nieuwe
technologieën ontwikkeld worden die goedkoop en efficiënt zonne-energie kunnen opvangen
en omzetten naar andere bruikbare vormen van energie. Niet alleen moet de efficiëntie van de
energieomzetting zo hoog mogelijk zijn, maar bovendien moet de omgezette energie in een
vorm zijn die geschikt is voor opslag of transport, zodat deze later en op andere locaties
toegepast kan worden. Aan deze voorwaarden wordt tegemoet gekomen in zonnebrandstoffen,
waarbij zonne-energie wordt opgeslagen in chemische bindingen. Een van de meest geschikte
kandidaten hiervoor is waterstof, omdat het eenvoudig geproduceerd kan worden door het
splitsen van water in de elementen. Dit is een minder gecompliceerd proces dan het
produceren van brandstoffen die op koolstof gebaseerd zijn.
Het splitsen van water met zonne-energie kan met behulp van zonnecellen. Polymere
zonnecellen die bestaan uit dunne absorberende lagen zijn hier voor een interessante optie
omdat ze eenvoudig, snel en met lage kosten met behulp van roll-to-roll technieken op
flexibele substraten met vloeibare inkten gedrukt kunnen worden. In deze context toont dit
proefschrift aan hoe polymere zonnecellen toegepast kunnen worden voor de productie van
waterstof via foto-elektrochemische watersplitsing. Naast het ontwikkelen van een werkend
‘organisch kunstmatig blad’, staan de optimalisatie van polymere zonnecellen en katalysatoren
voor foto-elektrochemische watersplitsing beschreven in dit proefschrift.
De eerste stap voor het maken van een kunstmatig blad is het bepalen van de condities die
nodig zijn voor het splitsen van water met polymere zonnecellen. Hoofdstuk 2 beschrijft een
haalbaarheidsstudie waarin foto-elektrochemische watersplitsing met twee platina (Pt)
elektrodes in een waterig elektrolyt, gecombineerd met een drievoudige-junctie zonnecel. Door
de thermodynamische ondergrens voor watersplitsing (1.23 V) en de overpotentialen aan de
zuurstof- en waterstof-evoluerende elektrodes, is er minimaal een spanning van 1.70 V nodig
voor het splitsen van water met deze specifieke elektrode en elektrolyt combinatie. Omdat
enkelvoudige of tandem organische zonnecellen in het algemeen niet genoeg spanning leveren
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voor efficiënte watersplitsing, wordt gebruik gemaakt van een drievoudige-junctie zonnecel.
Hiermee kan watersplitsing vlak bij het punt van maximaal vermogen van de zonnecel
plaatsvinden. De gebruikte 1+2 configuratie van de zonnecel is op zichzelf bijzonder. Het is
een methode om de efficiëntie van een tandemzonnecel gebaseerd op twee verschillende
materialen te doen toenemen in het geval dat de tandemconfiguratie geen gebalanceerde
stroomgeneratie heeft in de twee foto-actieve lagen. Deze eerste studie toont aan dat het
splitsen van water met polymere zonnecellen mogelijk is, mits er voldoende spanning door een
meervoudige-junctie zonnecel geleverd wordt.
Alhoewel de elektrolyse van water met twee Pt elektrodes geschikt is voor het aantonen van
het effect, is Pt niet de beste elektrode voor de zuurstofevolutie reactie. Bovendien moet een
zonnewatersplitser uiteindelijk geschikt zijn voor opschaling tegen lage kosten. Daarom
moeten edele en schaarse metalen zo min mogelijk gebruikt worden. Een elektrokatalysator is
in het algemeen noodzakelijk om de overpotentialen te verminderen bij het splitsen van water.
In Hoofdstuk 3 worden verschillende katalysatoren voor zuurstof- en waterstofevolutie
gekarakteriseerd en vergeleken. Naast katalysatoren van edele metalen met lage
overpotentialen, worden ook katalysatoren van niet-schaarse materialen onderzocht. Het is
belangrijk voor een katalysator om een goede hechting te hebben met de elektrode en ook een
hoge stabiliteit te hebben in het elektrolyt waarin de katalysator functioneert. Met deze eisen, is
ruthenium oxide (RuO2) een bijzondere katalysator die geschikt is voor zowel zuurstof- als
waterstofevolutie. Voor niet-schaarse katalysatoren zijn kobalt oxide (Co3O4) en een nikkelmolybdeen-zink (NiMoZn) legering geschikte opties voor respectievelijk zuurstof- en
waterstofevolutie. Beide katalysatoren kunnen in een elektrolyt met een bijna neutrale pH
functioneren.
Na het aantonen van de foto-elektrochemische watersplitsing met polymere zonnecellen en het
identificeren van geschikte katalysatoren, is de volgende stap het realiseren van hoge efficiëntie
voor de water splitsing in zonlicht met de beschikbare materialen. Dit proces vereist niet alleen
de combinatie van efficiënte materialen maar ook het optimaliseren van de werkingscondities.
Hoofdstuk 4 beschrijft organische kunstmatige bladeren die bestaan uit een hoge efficiëntie
zonnecel gecombineerd met katalysatoren van zowel edele als van niet-schaarse materialen met
lage overpotentialen. Door een zonnecel te combineren met katalysatoren in een oppervlakteverhouding van 1:15-20, kunnen de overpotentialen nog verder verminderd worden en wordt
de omzettingsefficiëntie van zonlicht naar waterstof (ηSTH) verhoogd. Onder deze
omstandigheden, geeft een zonnecel gecombineerd met RuO 2 – RuO2 katalysatoren voor de
zuurstof- en waterstofevolutie reacties een hoge efficiëntie van ηSTH = 5.4%. Met niet-schaarse
Co3O4 – NiMoZn katalysatoren kan een efficiëntie van ηSTH = 4.9% worden verkregen. In
beide gevallen vindt het splitsen van water plaats nabij het maximale vermogens punt van de
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zonnecel (~1.50 V). In een realistischere configuratie van de zonnewatersplitser waarbij de
oppervlaktes van de zonnecel en katalysator vergelijkbaar zijn, kan een efficiëntie worden
verkregen van ηSTH = 3.6% met RuO2 – RuO2 katalysatoren. Deze efficiëntie is lager omdat de
overpotentialen toenemen door de gestegen stroomdichtheid door de katalysatoren. Als gevolg
hiervan vindt de watersplitsing bij een hogere spanning plaats waardoor de efficiëntie daalt.
Deze resultaten tonen het belang aan van het afstellen van de onderlinge oppervlaktes in een
zonnewatersplitser voor het optimaliseren van het rendement.
Hoewel het mogelijk is om een hoge efficiëntie te bereiken met drievoudige-junctie
zonnecellen, is het nog steeds een open vraag of foto-elektrochemische watersplitsing ook
mogelijk is met een polymere tandemzonnecel. Het voordeel is dat de watersplitser een
eenvoudigere structuur heeft en, mits deze de benodigde spanning kan leveren, water kan
splitsen met een hogere stroomdichtheid in vergelijking tot een watersplitser gebruik makend
van een drievoudige-junctie zonnecel. De grootste barrière voor watersplitsing met
tandemzonnecellen is de noodzaak van een hoge spanning, welke moeilijk te bereiken is met
efficiënte polymere tandemzonnecellen. Niettemin wordt in Hoofdstuk 5, een polymere
tandemzonnecel getoond met een 5.3% efficiëntie en genoeg spanning voor het splitsen van
water. Het maken van een tandemzonnecel die een hoge spanning kan leveren is een uitdaging
vanwege een spanningsverlies aan de achterste cel. Dit spanningsverlies ontstaat omdat het
recombinatiecontact in de tandemzonnecel bestaat uit een pH neutrale PEDOT laag met een
lage werkfunctie. Door het opdampen van een dunne molybdeenoxide (MoO x) laag op de pH
neutrale PEDOT laag kan de werkfunctie verhoogd worden en het spanningsverlies
geminimaliseerd worden. Met deze methode is een homo-tandemzonnecel ontwikkeld die uit
twee gelijke lagen van PTPTIBDT-OD:[70]PCBM bestaat en een hoge openklemspanning
(Voc) van 1.74 V biedt. Als deze zonnecel met RuO2 – RuO2 of RuO2 – Pt katalysatoren voor
zuurstof- en waterstofevolutie reacties gecombineerd wordt, kan een efficiëntie van ηSTH =
~4.3% worden verkregen. Met een opvallend hoge vulfactor van 0.73, vindt de watersplitsing
plaats op het punt van maximaal vermogens van deze zonnecel (~1.50 V).
Hoofdstuk 6 beschrijft een universele methode om de absorptie van zonlicht te verbeteren en
daarmee de efficiëntie van een enkelvoudige zonnecel te verhogen. Een retroreflectieve folie
met een oppervlaktereliëf die licht effectief kan opvangen, wordt op een bestaande zonnecel
geplaatst om de efficiëntie te verhogen. Als licht door de folie gaat, worden het gebroken,
waardoor de weglengte in de zonnecel stijgt. De absorptie van het licht neemt nog verder toe
door dat licht dat weerkaatst wordt door de metaalelektrode en de cel zou verlaten door de
folie opnieuw gereflecteerd wordt in de actieve laag. Als gevolg hiervan neemt de externe
kwantumefficiëntie van de zonnecel toe over het gehele absorptie gebied. Door het gebruik
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ven de retroreflectieve folie, kan een 19% verhoging van de stroomgeneratie en zonnecel
efficiëntie worden behaald.
Een alternatieve manier van foto-elektrochemische watersplitsing met zonnecellen is door
gebruik te maken van een aantal serie geschakelde enkelvoudige zonnecellen om de benodigde
spanning voor het splitsen van water te bereiken Alhoewel, meervoudige-junctie zonnecellen in
principe een hogere efficiëntie kunnen geven in vergelijking met enkelvoudige zonnecellen, zijn
de hoogste efficiënties van beide configuraties op dit moment vergelijkbaar. Daarom is het van
belang om het foto-elektrochemische watersplitsing ook met enkelvoudige zonnecellen te
onderzoeken. Het voordeel hiervan is dat eenvoudige zonnecel structuren gebruikt kunnen
worden. In Hoofdstuk 7 wordt foto-elektrochemische watersplitsing met twee, drie en vier
serie geschakelde enkelvoudige zonnecellen gemodelleerd, en experimenteel vergeleken.
Volgens het model geven twee serie geschakelde zonnecellen de hoogste efficiëntie van
zonlicht naar waterstof (ηSTH = 9.0%). De efficiëntie daalt met een stijgend aantal serie
geschakelde cellen. Experimenteel blijkt dat de hoogste efficiëntie bereikt kan worden met drie
in serie geschakelde PTB7-Th:[70]PCBM cellen, welke een ηSTH = 5.5% heeft wanneer ze met
RuO2 – Pt katalysatoren gecombineerd worden. Door gebruik te maken van de
retroreflecterende folie, kan de stroomgeneratie en dus ook de efficiëntie stijgen naar ηSTH =
6.1% welke de hoogste efficiëntie is van zonlicht naar waterstof die in dit proefschrift
beschreven staat.

136

Curriculum Vitae
Serkan Esiner was born on the 25th of October 1986 in Ankara, Turkey.
After finishing his high school in 2004 at TED Ankara College
Foundation Private High School, he studied Mechanical Engineering at
Middle East Technical University in Ankara. In 2009, he started to
follow the Master’s Program Sustainable Energy Technology at
Eindhoven University of Technology. In 2011 he graduated within the
group Molecular Materials and Nanosystems on triple junction polymer
solar cells under the supervision of dr. M.M. Wienk and prof. R.A.J. Janssen. From 2011, he
started a PhD project in the same group at Eindhoven University of Technology, of which the
results are presented in this thesis.

137

List of Publications
Photoelectrochemical Water Splitting in an Organic Artificial Leaf
S. Esiner, R. E. M. Willems, A. Furlan, W. Li, M. M. Wienk, R. A. J. Janssen, submitted for
publication.

Triple Junction Polymer Solar Cells for Photoelectrochemical Water Splitting
S. Esiner, H. van Eersel, M. M. Wienk, R. A. J. Janssen, Advanced Materials 2013, 25(21), 29322936.

Quantification and Validation of the Efficiency Enhancement Reached by Application of a Retroreflective
Light Trapping Texture on a Polymer Solar Cell
S. Esiner, A. B. P. Bus, M. M. Wienk, K. Hermans, R. A. J. Janssen, Advanced Energy Materials
2013, 3, 1013-1017.

Efficient Inverted Tandem Polymer Solar Cells with a Solution-Processed Recombination Layer
S. Kouijzer, S. Esiner, C. H. M. Frijters, M. G. R. Turbiez, M. M. Wienk, R. A. J. Janssen,
Advanced Energy Materials 2012, 2(8), 945-949.

Thermal Stability of Poly[2-methoxy-5-(2’-phenylethoxy)-1,4-phenylene vinylene] (MPEPPV):Fullerene Bulk
Heterojunction Solar Cells
J. Vandenbergh, B. S. T. Conings, S. Bertho, J. Kesters, D. Spoltore, S. Esiner, J. Zhao, G. van
Assche, M. M. Wienk, W. Maes, L. Lutsen, B. van Mele, R. A. J. Janssen, J. V. Manca, D. J. M.
Vanderzande Macromolecules, 2011, 44(21), 8470-8478.

139

