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Abstract
Hydrogen peroxide (H2O2) is an important oxidant, used in various fields of industry, such as
paper manufacturing, production of polymers, detergents, and cosmetics. Considering that the
molecule degrades only to H2O and O2, it is regarded as a green chemical. Unfortunately, the
incumbent method of H2O2 synthesis, based on anthraquinone oxidation, although efficient, is
not environmentally friendly, as it requires fossil fuels and significant energy input. Therefore,
there are efforts underway to reduce the ecological impact of hydrogen peroxide production.
Some of the most promising approaches involve catalytic reduction of O2 to H2O2 in an aqueous
environment. This can be coupled with water oxidation. As the required energy could be
delivered in different ways, hydrogen peroxide synthesis can be achieved by electrocatalysis,
photoelectrocatalysis, or photocatalysis.
This thesis explores the possibility of using organic electronic materials as catalysts for
H2O2 evolution in oxygenated water solutions. Organic electronics is a field of materials science
focused on conducting and semiconducting organic molecules. These materials offer many
possible advantages, related to low cost, flexibility, and good optoelectronic properties. Huge
progress in the field over the last years led to their commercial applications in e.g. organic light
emitting diodes and photovoltaics. Only very recently have organic electronics begun to be
considered from the point of view of catalysis.
In the first two papers, we investigate electrocatalytic activity of an organic pigment
(PTCDI) and a conducting polymer (PEDOT) towards oxygen reduction to hydrogen peroxide.
Both types of catalysts are chemically stable and able to operate in a wide pH range. In paper
3, we demonstrate that H2O2-evolving photocathodes can be based on an organic PN
heterojunction, giving devices of a record-breaking performance. In the first part of paper 4, the
same concept was tested for a naturally-occurring semiconductor, eumelanin, leading to a first
report of photoelectrocatalytic properties of this material. In the second part of paper 4, as well
as in papers 5 and 6, we explore, respectively, photochemical hydrogen peroxide synthesis with
eumelanin, organic semiconductors, and organic dyes. We show that the photostability of
catalysts is higher for materials with low-lying HOMO level and it can be increased by an
addition of a reducing agent to the reaction system. Our findings prove that already existing
organic electronic materials can be successfully applied in H2O2 evolution for environmentally
friendly chemical synthesis, suggesting their use in harvesting of solar energy and in situ
generation of hydrogen peroxide for biomedical applications.

III

Sammanfattning
Väteperoxid (H2O2) är en viktig oxidant som används inom olika industrier, såsom
papperstillverkning och produktion av polymerer, tvättmedel och kosmetika. Med tanke på att
molekylen bryts ner till vatten (H2O) och syre (O2) betraktas den som en grön kemikalie. Tyvärr
är den befintliga metoden för framställning av H2O2 baserad på oxidation av en antrakinon, en
metod som är effektiv, men inte miljövänlig eftersom den kräver fossila bränslen och betydande
energitillförsel. Det pågår därför ansträngningar för att minska den ekologiska effekten av
väteperoxidproduktionen. Några av de mest lovande metoderna involverar katalytisk O2 till
H2O2-reduktion i vattenlösning, kombinerat med vattenoxidation. Eftersom den nödvändiga
energin kan levereras på olika sätt kan väteperoxidsyntesen uppnås genom elektrokatalys,
fotoelektrokatalys eller fotokatalys.
Denna avhandling undersöker möjligheten att använda organiska elektroniska material
som katalysatorer för framställning av H2O2 i syresatta vattenlösningar. Organisk elektronik är
ett område inom materialvetenskap med fokus på ledande och halvledande organiska
molekyler. Dessa material erbjuder många fördelar, såsom låg kostnad, flexibilitet och goda
optoelektroniska egenskaper. Enorma framsteg på området har under de senaste åren lett till
deras kommersiella tillämpningar i till exempel organiska ljusemitterande dioder och
fotovoltaik. Nyligen har också organisk elektronik börjat övervägas ur katalysens synvinkel.
I de två första artiklarna undersöker vi en elektrokatalytisk aktivitet av ett organiskt
pigment (PTCDI) och en ledande polymer (PEDOT) i respekt till syrereduktion och
väteperoxidproduktion. Båda typerna av katalysatorer är kemiskt stabila och kan arbeta inom
ett brett pH-område. I artikel 3 visar vi att H2O2-producerande fotokatoder kan baseras på en
organisk PN-gränsyta, vilket ger enheter med en rekordbrytande kapacitet. I den första delen
av artikel 4 testades samma koncept för en naturligt förekommande halvledare, eumelanin,
vilket ledde till en första rapport om fotoelektrokatalytiska egenskaper hos detta material. I den
andra delen av artikel 4, samt i artikel 5 och 6, undersöker vi fotokemisk väteperoxidsyntes med
eumelanin, organiska halvledare och organiska färgämnen. Vi visar att fotostabiliteten hos
katalysatorer är högre för material med lågt liggande HOMO-nivå och att den kan ökas genom
en tillsats av ett reduktionsmedel till reaktionssystemet. Våra fynd visar att redan befintliga
organiska elektroniska material framgångsrikt kan tillämpas i H2O2-utvecklingen för
miljövänlig kemisk syntes, vilket antyder att de kan användas för att ta tillvara på solenergi och
för produktion av väteperoxid inom biomedicin.
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1. Introduction
1.1. Motivation and research background
Hydrogen peroxide, H2O2, is a molecule of simple structure, but of high importance in many
areas of industry. As an environmentally friendly oxidant, it is widely used for paper
manufacturing (bleaching of wood pulp)1, as an intermediate in production of polymers
(synthesis of polymerization initiators), in food industry (as bleaching agent)2, for
manufacturing of detergents, and as an ingredient of some cosmetics3. In our everyday lives, it
is sometimes used for wound treatment (3% solution). Although this particular usage might be
controversial4, sterilization properties of H2O2 make it an inexpensive and versatile disinfectant
in laboratory and medicine. But probably the most spectacular application of hydrogen peroxide
is in the rocket industry, where it can be used as a propellant5, mixed with another fuel, or as a
single compound. Environmental friendliness of H2O2 is associated with the fact that the
molecule degrades only to H2O and O2. Unfortunately, the most common method used for its
manufacturing, although well-established and leading to H2O2 of high purity and concentration,
cannot be regarded as non-polluting6. The synthesis is based on anthraquinone oxidation, a
process which involves hydrogen from fossil fuel sources, organic solvents, noble metal
catalysts, and significant energy input. The process generates a nonnegligible amount of waste.
Both H2O2 manufacturers and the scientific research community try to address these issues.
While the industry usually focuses on optimization of the anthraquinone process to
reduce its energy consumption and waste generation, academic researchers are exploring
different methods of hydrogen peroxide production, such as electrochemical and photochemical
syntheses6. The main advantage of the latter approaches is the fact that H2O and O2 are used as
substrates for the synthesis. The required energy input is supplied by electricity or light. This
not only makes the whole hydrogen peroxide cycle much more environmentally friendly, but
also opens potential avenues for other applications. The abovementioned application of H2O2
as rocket fuel is related to the fact the molecule contains the highly energetic -O-O- bond. This
can be utilized for electricity generation in single-compartment hydrogen peroxide fuel cells7,
where hydrogen peroxide acts as both reducer and oxidant. Therefore, it is possible to
accumulate and store solar energy in a form of hydrogen peroxide and use it for on-demand
electricity generation. From the chemical point of view, the only substrates and products of this
process are the same: just water and oxygen. Wide abundance and non-toxicity of these two
molecules gives us a possibility of on-site hydrogen peroxide production, for instance for a
given industrial application. We would not need to synthesize H2O2 for a given application in
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advance, or to transport it. Having control over the current in the electrochemical process and
illumination time and power in the photochemical process, we can precisely generate hydrogen
peroxide in a required amount, only when and where it is necessary. Therefore, we can also
think of possible applications of H2O2 technologies in medicine, for stimulation of cells8,9 or
even cancer treatment10,11. Thanks to recent development in iontronics12, whenever ion pumps
can be implanted, we are capable of precise drug delivery at given time and amount, minimizing
side effects of the treatment. Nevertheless, this approach cannot be easily translated to potential
H2O2-based therapies, as this molecule, being electrically neutral, cannot move under the
influence of an electric field. With in situ generation of H2O2, this limitation is not a problem.

1.2. The aim of the thesis
The aim of the research efforts summarized in this thesis was to investigate the possibility of
using organic electronic materials for more sustainable synthesis of hydrogen peroxide with
oxygen

and

water

as

the

main

substrates.

The

concepts

of

electrochemical,

photoelectrochemical, and photochemical H2O2 generation are already established, in some
cases they are beyond the basic research stage and find technological applications, e.g. in
on-site production of diluted, basic solutions of hydrogen peroxide for paper pulp bleaching6.
The O2/H2O to H2O2 transformation, apart from energy, requires the presence of a catalyst. So
far, in the vast majority of cases, catalytic properties of inorganic materials are utilized for this
purpose13. However, there are certain caveats related to this approach. First of all, based on
some published examples, we can assume that inorganic materials are not inherently selective
towards O2/H2O to H2O2 synthesis13. The reaction of H2O2 reduction to water is a potentially
serious loss mechanism. Although there are examples of state-of-the-art materials which are
selective and give hydrogen peroxide in high yield, they are usually based on expensive and
rare metals14. Examples showing sustained accumulation of peroxide with these metallic
electrodes are rare. The other problem, especially important in photo- and photoelectrocatalysis,
is the light absorption window of inorganic materials. Many of the materials reported as
photocatalysts for H2O2 evolution, such as TiO2 or ZnO, have a wide optical bandgap, therefore
they utilize only small part of the solar spectrum15. From the point of view of solar energy
harvesting, this is not practical. There are of course many inorganic materials of smaller band
gap, which absorb also visible light, but usually they are either toxic16 or simply lack required
catalytic activity. The third issue, flexibility. Thinking of possible, H2O2-producing biomedical
devices, mechanical compatibility of the device with moving tissues is an important
requirement, which allows for operation in living organisms. All of these problems can be
4

possibly addressed by using organic materials. Even though most of them are insulators, the
emerging field of organic electronics provides us with many examples of conductive and
semiconductive materials which can be utilized in aqueous redox processes. Organic electronic
materials are known of their low price, non-toxicity, potentially high photostability and strong
absorption of visible light. What is more, based on initial studies on their photoelectrocatalytic
application, we can also expect that they will be selective towards H2O2 synthesis17. This makes
them perfect candidates for new catalysts of environmentally friendly hydrogen peroxide
synthesis catalysts.
Therefore, the aim of the thesis is to establish the parameter space of how organic
electronic materials are capable for electrochemical, photoelectrochemical, and photochemical
H2O2 syntheses. Substantial attention is paid to characterization of longer-term performance
and stability. Based on the experimental evidence and gained knowledge about possible
advantages and limitations, future prospects of the whole concept of organic electronic H2O2
energetic cycles can be outlined.

1.3. Thesis outline
The first chapter of the thesis presents motivation behind the project. Chapter 2 is a general
characterization of electrocatalytic, photoelectrocatalytic, and photocatalytic methods of
chemical synthesis. Chapter 3 covers the fundamental chemistry of hydrogen peroxide
production by oxygen reduction as well as important information about the reagents. Chapter 4
introduces the organic electronic materials, used as catalysts for the syntheses in our work.
Methodology of the device fabrication is detailed in Chapter 5. Characterization methods are
discussed in Chapter 6. The following Chapter 7 concerns methodology of H2O2 evolution and
quantification used in our work. Finally, concluding remarks are collected in the final Chapter 8.
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2. Electro-, photoelectro-, and photocatalysis for chemical synthesis
2.1. Electrocatalytic synthesis
2.1.1. General characteristics of electrocatalytic synthesis
Electrocatalytic synthesis can be defined as a method in which the desired product is obtained
in an electrochemical process, that is a reaction on a catalyst driven by the passage of electrical
current. This term, in many works, is synonymous with electrolysis18. In a vast majority of
cases, the system consists of a liquid electrolyte and at least two electrodes. By applying a
potential difference between them, we force a current, which induces a redox process: a reaction
in which atoms change their oxidation states due to a transfer of electrons. When electrons are
gained, the oxidation state is decreased and the process is described as reduction. On the other
hand, if electrons are lost, the oxidation state increases, resulting in oxidation. In any
electrochemical system, these two processes are coupled, as the total number of electrons in the
system must be conserved. The oxidation on one of the electrodes can take place only if the
reduction happens simultaneously on the other and vice versa. Therefore, even if the aim is to
obtain a single product on single electrode, due to the nature of redox reactions, two separate
processes at two electrodes are required (although it is sometimes possible to obtain the same
product on both). The electrode involved in the reduction is called a cathode. The other one,
responsible for oxidation, is called an anode.
2.1.2. Properties of a good electrocatalyst
Like in all catalytic processes, we expect the electrocatalyst to be stable, not only mechanically
but also chemically. Neither degradation (by self-oxidation/reduction) nor activity loss (by
permanent change of the catalyst surface) is desired. The other important feature of a catalyst
is its selectivity, in the general case often described as a conversion rate, which says what part
of the reacted substrate is converted into the desired product. However, in electrocatalytic
synthesis, more frequently, the term faradaic efficiency is used19. This is a parameter which
correlates the obtained molar amount of the desired product with the maximum theoretical value
corresponding to the molar amount of electrons exchanged in the system. Based on Faraday's
laws of electrolysis and the Faraday constant (the electric charge of one mole of electrons) we
can derive a following formula for faradaic efficiency, FE:

!" =

%&'()*+',
%·!·4
=
%-.'/+'-01(2
5
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Where:

n: molar amount of the desired product obtained
F: Faraday constant (96485 C ⋅ mol-1)
z: number of electrons gained/lost to give one molecule of the product
Q: electrical charge passed in the system (integral of the I = f(t) dependence)
The electrocatalyst should also demonstrate high activity - the reaction rate should be
as high as possible. This can be increased either by chemical or physical modification of the
catalyst.
In most cases, the electrodes, which connect the electric power supply and the redox
processes, are themselves electrocatalysts, or these conductors are modified with a coating
which serves as a cocatalyst. The reason why materials of good electrical conductivity are used
is to minimize the ohmic losses in the system, that is the electrical resistances which increase
the required voltage to achieve given current20. Ohmic losses are caused also by the electrolyte
and electric contacts. In some cases, the actual synthesis does not occur on the
electrode/solution interface, but between the substrate and a dissolved mediator. This is a
catalytic substance which reacts with the electrode, forming an intermediate product, which by
the reaction with the substrate, gives the product and turns back to its initial form. For example,
with this approach, using Pt electrode, we can perform the anodic fluorodesulfurization,
obtaining a product with two F atoms as substituents21, as shown in Fig. 2.1.

O

Pt
anode

S

S

X

2e-

X

I
F

2F-

F

O
F

X

F

X

I

Fig. 2.1. Anodic fluorodesulfurization with Pt anode and iodoaryl compound as redox mediator. As an
electrolyte, mixture of CH3CN and Et3N • 3HF is used.
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The dissolved substrates might be introduced to the electrolyte either before or during
the process, for example, gas by constant purging of the solution13, or metal cations by anodic
self-oxidation. The obtained products remain dissolved in the reaction mixture, or are released
in a form of gas or solid, which usually deposits on the electrode.
2.1.3. Overpotential of an electrochemical process
Gibbs free energy is a thermodynamic parameter which allows determination if a chemical
process is possible in given conditions. In electrochemistry it is more convenient to use values
of standard electrode potentials (E°), which are associated with the change of standard Gibbs
free energy (ΔG°) by the following relation:
Δ?° = ‒ % · ! · "°
Where:

n: number of electrons transferred in the reaction
F: Faraday constant (96485 C ⋅ mol-1)
E°: standard electrode potential
Values of electrode potentials for many chemical processes can be found in the literature,
usually given as potentials of half-reactions versus the standard hydrogen electrode. This is
very useful in electrocatalysis, as calculation of the electrode potential difference ΔE in given
conditions informs us about the minimum voltage which needs to be applied to run the
electrochemical process. However, the value actually required is always higher, which is caused
not only by the ohmic losses mentioned before, but also by the overpotential of electrode.
Overpotential is the potential difference between the theoretical, thermodynamic electrode
potential and the potential at which the reaction is experimentally observed, that is, at which a
small current density is registered19. Overpotential corresponds to the kinetic activation barrier
of the electrochemical reaction. In electrosynthesis it makes the cathode potential more negative
and the anode potential more positive. The excess energy delivered by higher voltage is released
as heat.
From the point of view of electrocatalytic synthesis, existence of overpotential is
undesired, as it decreases energy efficiency of the process - to get the intended current density,
higher voltage needs to be applied. Overpotential is a feature typical of a given electrocatalyst.
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Therefore, a good catalytic system, apart from stability, selectivity and activity, should also
work at the lowest possible overpotential.
2.1.4. Application of electrocatalytic synthesis
Electrocatalytic synthesis finds many applications in industry. Electrolysis of water is an
important method of hydrogen production, used whenever a source of hydrogen is required and
the steam reforming of natural gas in not feasible or desirable22. If an aqueous solution of NaCl
is taken for electrolysis, as additional products, gaseous chlorine and a solution of NaOH is
obtained23. Electrochemical fluorination, electrolysis of organic compounds in liquid HF and
Ni anodes, leads to perfluorinated alcohols, carboxylic acid etc.24. Other redox reactions of
organic compounds are also possible thanks to electrosynthesis, for example cathodic reduction
of nitriles to primary amines25.
There are two possible ways of hydrogen peroxide electrosynthesis in water-electrolyte:
cathodic reduction of oxygen, dissolved in the electrolyte and anodic oxidation of H2O to
H2O213:
OC + 2H G + 2e‒ → HC OC (electrons delivered BY a cathode)
2HC O → HC OC + 2H G + 2e‒ (electrons delivered TO an anode)
Based on the number of published articles, the first approach is more widely investigated. As
mentioned in the introduction, sometimes it is also applied in industry6. Although direct anodic
oxidation of H2O to H2O2 is still at basic research state, a similar approach was an industrial
method of H2O2 production in the first half of the twentieth century. The process was based on
hydrolysis of ammonium persulfate, (NH4)2S2O8, which was obtained by the electrolysis of
ammonium bisulfate solution in sulfuric acid26:
C‒
‒
Step 1: SOC‒
K → SC OL + 2e

Step 2: (NHK )SC OL + 2HC O → HC OC + 2(NHK )HSOK

2.2. Photoelectrocatalytic synthesis
2.2.1. General characteristics of photoelectrocatalytic synthesis
A typical photoelectrocatalytic synthesis shares many properties with a purely electrocatalytic
process. The reaction system also consists of at least two electrodes, cathode and anode,
responsible for two complementary redox processes, reduction and oxidation. The difference is
that at least one of these electrodes is a photoelectrode, that is a device which generates a
10

potential difference upon irradiation with light27. The remaining electrode is usually a regular
electrocatalyst like in an analogous, electrolysis system, e.g. platinum.
In principle a photoelectrode in many respects resembles a photovoltaic cell. The device
consists of a semiconducting light absorber, deposited onto a conductive substrate. If photons
of an incident light beam are of higher energy than the semiconductor band gap, their absorption
causes creation of an exciton. It can be separated into an electron, which occupies the
conduction band, and a hole in the valence band. This creates a potential difference and, in
favorable conditions, current flow. Like in photovoltaics, the maximum photovoltage generated
is fundamentally limited by the bandgap energy. Assuming that we can choose from substrates
of different work function, the higher the band gap, the higher the maximum voltage27.
Nevertheless, aiming for good utilization of sunlight, materials of lower energy gap (below 3
eV) are usually tested as photoelectrodes. With regard to photocurrent value, it is related to the
efficiency of exciton separation, which depends on the exciton binding energy (EB). The lower
the binding energy, the easier the separation of hole and electron28. The EB is inversely
proportional to the dielectric constant of the material, therefore semiconductors of high
dielectric constant are potentially more efficient at photocarrier generation. As organic
materials usually have low dielectric constants, efficient operation of the system is usually
provided by formation of organic PN heterojunction, made of two different semiconductors29,
like presented in Fig. 2.2. The energetic offset between the donor (P) and acceptor (N) materials
should be sufficient to polarize the exciton into free carriers.
eeLUMO
h+

LUMO

hν
HOMO

HOMO

ITO

P-type SC
P-type SC

Al

N-type SC

Fig. 2.2. Schematic of operation of an organic PV featuring a PN heterojunction. Thanks to proper band
alignment of semiconductors, if the structure is sandwiched between conductors of appropriate work
functions, efficient charge separation is possible even for organic materials of low dielectric constant.
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2.2.2. Comparison of photoelectrodes and photovoltaic cells
The main difference between a photovoltaic cell and a photoelectrode is that while in the
former, the light absorber lies between two layers of electrically connected conductors (e.g.
ITO and Al), in the latter, a semiconducting system (deposited on a conductor) is rinsed in the
electrolyte, where it is involved in a redox process. The conductive substrate is electrically
connected with the counter electrode, where the complementary redox process takes place.
There are two types of photoelectrodes27:
•

Photocathode, where the photogenerated electrons are responsible for a reduction
process and photogenerated holes are delivered to a counter electrode;

•

Photoanode, where the photogenerated holes are involved in an oxidation process and
photogenerated electrons are delivered to a counter electrode.

The general schematic of these two systems is presented in Fig. 2.3.

a)

hν

b)

e-

ox1
red1

e-

+

-

+
ox2

red2
hν

e- ox2
h+

red1
ox1

h+ red2
e-

Fig. 2.3. Schematic of the photoelectrochemical systems for redox processes: a) photocathode b)
photoanode. The semiconducting system might consist of a single substance or be a multi-layered
arrangement of many different materials.

Although this general characterization of photoelectrodes is valid for all systems, the
details of their design and operation might be very different. In some cases, the semiconductor
is the only material deposited on the conductive substrate and it is directly involved in the redox
reaction30. But more commonly, a photoelectrode is a multi-layered system. Although it is
possible that the semiconductor is effective as both an electrocatalyst (that is, works with low
overpotential) and a photocurrent generator, usually the efficiency can be increased by splitting
the light-harvesting and the redox processes to two different materials28. Thanks to this, the best
available catalytic and PV systems can be combined together, utilizing their optimal properties
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for a given purpose. This is especially common in the case of photocathodes used for hydrogen
evolution, the process which requires high overpotential on most of semiconductors.
Cocatalysts like Pt are necessary for efficient hydrogen evolution. Another advantage of this
approach is that the electrocatalytic layer may work as an encapsulation layer, protecting the
semiconductors from the electrolyte. Also, metallic catalysts with reflective properties can
facilitate better light utilization, by reflecting back the light which would be transmitted by the
device otherwise28.
2.2.3. Design and operation of photoelectrodes
Just like in the case of electrocatalysis, a good photoelectrode has low overpotential, is selective
towards the desired process (i.e. operates with high faradaic efficiency) and demonstrates high
stability, both chemical and of generated photocurrent28. While the main purpose of
incorporating a semiconducting system is utilization of the light energy, high conversion
efficiency is also desired. In the best-case scenario, the external power supply is not necessary
and the system can be exclusively light-driven. However, at the experimental scale, in most
cases this is impossible, mainly due to limited photovoltage, which does not allow running
energy-demanding

processes

like

e.g.

water

splitting.

Therefore,

usually

the

27

photoelectrosynthetic process is supported by application of an external bias , provided by a
power supply like in electrocatalysis. This way, such an arrangement still allows for utilization
of the light irradiation and requires less external energy. There are also other strategies of
achieving high photovoltage, for example a tandem cell, containing a photoelectrode made of
several PV cells, connected in series as a vertical stack31 or the photoelectrochemical cell, made
of two photoelectrodes, that is photoanode and photocathode32.
2.2.4. Front-side and back-side illumination
An important consideration of the photoelectrode operation is the direction of illumination. In
principle, a thin-layered device, immersed in the electrolyte, can be operated by using either
front-side (electrolyte side) or back-side (substrate side) illumination. Depending on the
photoelectrode design, only one way might be available, for example if the substrate is not
transparent, only front-side illumination can be used. On the other hand, if the terminal,
electrocatalytic layer is made of light-reflective material (e.g. metallic Pt), only back-side
illumination through transparent substrate will provide high efficiency. Considering the simple
semiconductor/transparent substrate system, if the cell allows for both ways of illumination, the
selection should be based on the values of charge carrier diffusion lengths for a given
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semiconductor30. As most of the light is absorbed by the material in close vicinity of the
illuminated side, light intensity deeper into the semiconductor is lower. Therefore, there is a
gradient of photogenerated charge carriers. The irradiation should be performed in a way that a
carrier of shorter diffusion length has to be transported a shorter distance. For example, a
photoanode with a diffusion length of holes shorter than of electrons. The front-side
illumination

provides

a

high

number

of

holes

and

electrons

close

to

the

semiconductor/electrolyte interface. Thanks to long diffusion length of electrons, they can be
transported to a conductive substrate. Short diffusion length of holes is not a problem, as they
have only short distance to the surface where they are consumed in the anodic process. If the
same photoanode is back-side illuminated, most of the holes will be generated close to the
substrate/semiconductor interface and due to the short diffusion length, they will be lost by
recombination.
2.2.5. Application of photoelectrocatalysis
The field of photoelectrocatalysis was launched in 1972 by Fujishima and Honda by the watersplitting photoelectrochemical cell, which consisted of TiO2-based photoanode for water
oxidation and platinum counter electrode for hydrogen evolution33. Despite enormous interest
in this concept and many research efforts, as of 2019, it still has no commercial applications. In
contrast to electrocatalytic synthesis, where the obtained chemical is of the main interest, in
photoelectrocatalysis the focus is on harvesting and accumulation of solar energy34. The
obtained products of redox reactions, called solar fuels, are intended to be consumed for
electricity generation. The main advantage of this approach, compared with photovoltaics, is
the fact that power can be generated independently from the occurrence of sunlight. For
example, during the day, the system accumulates energy in a form of hydrogen, which is stored
for further use; at night, the accumulated energy is converted to electricity (with an H2 fuel cell)
to power street lights. Besides hydrogen, products of CO2 reduction, such as HCOOH and CO
are also investigated as potential solar fuels35. Photoelectrochemical synthesis of hydrogen
peroxide is another possibility, although this concept gained attention only recently17,36,37.
Apart from light energy harvesting and synthesis of solar fuels, photoelectrocatalysis
might be used for deposition of metals on semiconductors, as an alternative method to vacuum
deposition by thermal evaporation or sputtering38. As the regular electroplating requires a
conductive substrate, application of light irradiation allows to run the electrochemical reduction
of metal cations also on the surface of semiconductors in a selective, patternable fashion.
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2.3. Photocatalytic synthesis
2.3.1. Definition of photocatalysis
In a broad sense, a photocatalytic reaction is a chemical transformation, catalyzed by a
photoexcited molecule or material. Like in other types of catalysis, either a homogenous or
heterogenous process is possible, depending on whether the photocatalyst and reactants are in
the same or different phases39. An example of a homogenous photoreaction is photo-Fenton
oxidation in presence of H2O2, Fe3+ and violet light40, or hydrogen photoevolution in acidic
water solution of noble metal complexes41. Although our paper 6 also concerns photocatalytic
reactions in a single phase, the following discussion will be focused on heterogenous
photocatalysis with semiconductors, as these processes are more prevalent in the scientific
literature, especially in the photocatalytic H2O2 evolution42.
2.3.2. General characteristic of photocatalysis with semiconductors
Photocatalysis with semiconductors is a redox process which takes place on the surface of a
semiconductor in the presence of light. Just like in the case of photoelectrocatalysis and
photovoltaics, light absorption leads to formation of an exciton, which separates into hole and
electron, occupying the valence and the conduction bands of semiconductor43. In contrast to
photoelectrodes and PV cells, in a simple photocatalytic system there is no external wiring; the
whole phenomenon of charge carrier generation and chemical reaction takes place in the same
semiconducting material, in an area spatially confined by the diffusion lengths of electron and
hole. In consequence, there is no need of providing conditions for the ionic current flow, neither
solvent nor electrolyte is necessary. The process is possible even with gaseous reagents44.
Schematic of the photocatalyzed redox reaction is shown in Fig. 2.4.

Fig. 2.4. Schematic of a photocatalytic process, in this example case O2 reduction to H2O2. Reprinted
with permission from45. Copyright 2018 American Chemical Society.

Since in a photocatalytic experiment current is not registered, calculation of faradaic
efficiency is not possible. Determination of the reaction selectivity requires identification and
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quantification of all products of the process. Evaluation of the system efficiency can be based
on different figures-of-merit. In general case, having access to proper equipment, it is possible
to determine either internal quantum efficiency (IQE) or external quantum efficiency (EQE),
using the following formulas46:
IQE =

rate of product evolution
rate of photon absorption

EQE =

rate of product evolution
rate of photon incidence

2.3.3. Features of a good photocatalyst
Apart from simplicity of the photocatalytic system, the advantage of this approach is the
possibility of increasing the area of the semiconductor/environment interface. The
semiconductor can be used as a dispersion of nanoparticles47, which offers a higher number of
catalytic active sites compared with planar structure deposited onto a substrate. This might have
a positive impact on the efficiency of the photocatalytic process. Apart from high specific
surface area, the material should have good wettability48 and be of a catalytically-active
polymorphic structure. The other factor which impacts the photocatalytic reaction rate is, like
in the case of photoelectrocatalysis, the efficiency of exciton separation49, as described in the
section 2.2.1. If the exciton lifetime is too short, instead of separating, it recombines. The light
energy cannot be utilized and it is wasted in the form of heat. There are many ways of
addressing this issue. For example, Illiev et al., showed that if commercially available TiO2
nanoparticles are modified by deposition of Pt and Ag nanoparticles (Fig. 2.5), the efficiency
of oxalic acid photooxidation increases 8 times50. While the process of interest still takes place
on the TiO2 photocatalyst, the photoexcited electrons are transported from the conduction band
to metal nanoparticles, where they are trapped due to existence of Schottky barrier at the
semiconductor/metal interface. This not only increases the charge separation efficiency but
also, as better ORR catalyst, facilitates the complementary reduction process.
O2·-

eO2

hν
CO2

h+

C2O42Fig. 2.5. Schematic representation of oxalate photooxidation, catalyzed by the TiO2/Pt system50.
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The other possibility of increasing the efficiency of exciton separation is, just like in
photovoltaic and photoelectrocatalysis, creation of a heterojunction of two semiconductors.
With inorganic materials, it can be done even with the same compound, if its two polymorphic
structures are employed. This approach was used by Kawahara et al. in preparation of a
bilayered TiO2 junction, made of anatase and rutile as photocatalyst for decomposition of
CH3CHO51. The reaction rate of such system is 10 - 100 times higher than that of the individual
components.
A PN heterojunction is not the only possibility of combining two different materials to
increase activity of the photocatalytic system. Although such systems are very common in
photovoltaics and photoelectrocatalysis, they require that energy levels of both semiconductors
thermodynamically allow to run both reduction and oxidation on single materials. This might
be a significant limitation in processes requiring high potential difference, such as CO2
reduction, coupled with water oxidation. As a solution, the Z-scheme type of heterojunction
can be employed, for example the α-Fe2O3/g-C3N4 system presented by Jiang et al.52. In this
arrangement, the photocatalyst of the CO2 reduction process, graphite nitride, is not able to
oxidize water, therefore photoexcitation leaves hole in its valence band. The electrical neutrality
is restored by its recombination with a photoexcited electron, which remains in the hematite
after water oxidation. Schematic of the Z-scheme operation, compared with the PN junction, is
presented in Fig. 2.6.

a
)

b
)

Fig. 2.6. Comparison of a PN heterojunction53 (a) and Z-scheme junction52 (b). While in the former
reduction takes place on the material of lower conduction band energy and oxidation on the material of
higher valence band energy, in the Z-scheme it is the other way around. Both figures are reprinted with
permission from AAAS.
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It is worth noting that despite such a system offering the possibility of running energydemanding reactions, by principle its quantum efficiency cannot be higher than 50%, as half of
the charge carriers recombine at the interface of two semiconductors54.
2.3.4. Challenges in photocatalytic transformations
Apart from the problem of limited energy efficiency of the Z-scheme, another challenge is a
proper selection of materials in a way that their interface allows for the band bending presented
in Fig. 2.6.b. Considering that the main purpose of Z-scheme application is usually overcoming
the limitation of high oxygen evolution potential, working on the photoreduction processes like
H2 evolution or CO2 reduction, the water oxidation issue can be avoided by introduction of a
sacrificial electron donor55, a compound which has low oxidation potential and does not
interfere with the reduction reaction. For better feasibility, usually cheap and non-toxic
compounds are used, such as triethylamine, ascorbic acid, and oxalate. This approach has also
another advantage, as it solves problem of cross-reactivity, especially pronounced in
photochemical water splitting. In a photoelectrocatalytic process, processes of H2 and O2
evolution are spatially separated to two different electrodes, which usually are located in two
different compartments, ionically connected in a way described in Chapter 3.2. This prevent
H2 and O2 from mixing and recombining to H2O. In a regular photocatalytic system, with
dispersion of water-splitting nanoparticles, due to close vicinity of the reaction centers, the
probability of this process is high56. What is more, the presence of oxygen has also negative
impact on the H2 evolution selectivity, as thermodynamically, the oxygen reduction process is
favored over HER. Application of a sacrificial electron donor solves both issues, as it prevents
from oxygen evolution and leads to a chemically neutral product of oxidation.
Of course, the ultimate goal is to obtain a photocatalytic system which does not require
any additional donors. This strategy is very helpful in development of the materials, but it can
be avoided. One of the possible solutions is to design a photochemical system in the form of a
planar device, with two different catalysts for H2 and O2 evolution located on the opposite sides.
Such a device, which resembles a free-standing photoelectrochemical system, needs to be able
to generate high voltage if intended to use without sacrificial electron donor. Due to lack of the
wiring, a power supply cannot be connected, therefore application of an external bias,
facilitating the water splitting, is impossible. However, high photovoltage can be achieved if
vertical stack of multiple semiconductors is used (Fig. 2.7), like in the conceptual artificial leaf
presented by Reece et al.57
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Fig. 2.7. Wireless photochemical cell for water splitting, based on a triple junction of amorphous silicon
and electrocatalysts free of noble metals, reported by Reece et al.57 Reprinted with permission from
AAAS.

2.3.5. Application of photocatalysis
Photocatalysis dates back to the first half of the twentieth century, when ZnO and TiO2 were
reported as catalysts for photobleaching of dyes, which is associated with formation of reactive
oxygen spices58. Photooxidation catalyzed by TiO2 still remains of scientific interest, it also
finds real life applications in removal of pollutants by oxidation. For example, titanium dioxide
is used in self-cleaning glass48 or as a component of a concrete59, which if used in building
elevations, helps to reduce the content of nitrogen oxides in air. As mentioned before,
photocatalytic systems are also intensively investigated in light-driven H2 evolution and CO2
reduction reactions, as possible strategies of solar-energy harvesting and removal of
atmospheric CO234,35. However, these are still at the stage of basic research. Compared with
photoelectrocatalysis, photocatalytic H2O2 evolution is much more common, with first reports
of this process, catalyzed by CdS16 and ZnO60 dating back to 1950s. Nowadays, systems based
on graphitic carbon nitrides (g-C3N4) are widely explored for this purpose61,62, so far, with no
commercial applications.
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3. H2O2 synthesis by O2 reduction
3.1. Important chemical and physical properties of O2 and H2O2
Table 1. Selected physical and chemical properties of H2O2 and H2O63,64.

property
Molar mass (g · mol-1)
Melting point (°C)
Boiling point (°C)
Density (g · cm-3)
pKa
Viscosity (cP)
ΔG° (kJ · mol-1)
Light absorption cut off (A of 1 cm
of pure compound >1; nm)

H2O2

H2 O

34.01
-0.40
150.2
1.45
11.62
1.249
-120.42

18.016
0.0
100.0
1.0
14
0.89
-292.72

ap. 340

191

Table 1 presents a comparison of some properties of H2O2 and H2O. In pure form, hydrogen
peroxide is a pale blue liquid with melting point similar to water (-0.43 °C) but of much higher
boiling point, estimated as 150.2 °C. The exact value is impossible to determine, as the molecule
thermally decomposes when heated to this temperature. Therefore, distillation of H2O2
solutions, leading to a very pure product, is possible only under reduced pressure65. Pure
hydrogen peroxide is also sensitive to the presence of some metals and light, especially UV66,
which in contrast to H2O, is absorbed by H2O264. High sensitivity of the compound is related to
the fact that in standard conditions, it is thermodynamically unstable. The reaction of H2O2
disproportionation:
2HC OC → 2HC O + OC
Has negative Gibbs free energy ΔG° = -172.3 kJ ⋅ mol-1. Elevated temperature favors the process
both thermodynamically and kinetically. The decomposition can be also accelerated by basicity
of the solution and presence of some other compounds, such as iodide67 and catalase enzymes68.
To prevent this problem, hydrogen peroxide is usually stored in a cool place in a form
of weakly acidic solution with stabilizers69, which are compounds forming stable complexes
with metals, e.g. phosphates, citrates. Because of the instability and risk of sudden release of
huge amount of gas, for regular users hydrogen peroxide is available only as an aqueous
solution, usually 30% for laboratory use and 3% for pharmacies6. If H2O2 concentration is over
70%, the decomposition converts it completely into gas, as the heat released turns H2O into
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steam. This phenomenon allows for using it as a rocket propellant also as a single compound,
without additional fuel5.
Hydrogen peroxide and the superoxide radical (HO2•, see Fig. 3.1) are common
byproducts of many biochemical processes70. As strong oxidants, they are toxic to cells,
therefore, for proper functioning of organisms, both HO2• and H2O2 have to be constantly
removed. Living organisms developed two important classes of enzymes: catalases68 and
superoxide dismutases71, for decomposition of these toxins to H2O and O2. Whenever
equilibrium of production and decomposition of HO2• and H2O2 is disturbed, this condition is
known as oxidative stress, which can damage components of cells. Although this is undesired
phenomena, contributing to many diseases, the concept of in vivo H2O2 generation recently
gains research interest, as it might be used e.g. for stimulation of biological response and
activation of specific biochemical pathways8.

3.2. Thermodynamics of O2 reduction
Hydrogen peroxide is not the only possible product of oxygen reduction. Actually, much more
prevalent is water, H2O, the product of 4e- O2 reduction, while H2O2 is the product of the 2eprocess72. This is an advantageous feature from the point of view of hydrogen peroxide
applications, as in most cases, we utilize its oxidizing properties. Oxidation by H2O2 is in fact
a transfer of 2 electrons from the molecule being oxidized (which gets decomposed) to H2O2,
which turns into H2O. This way, water is the only, oxidant-derived byproduct of the whole
process. On the other hand, it makes the H2O2 synthesis a challenging problem, as we need to
avoid the reduction of H2O2 to H2O on the catalyst we use for reduction of O2 to H2O2. To make
the entire reaction cascade even more complicated, there are intermediate products of 1e- and
3e- reduction73. All possible O2 reduction processes in water environment, with their
corresponding products are collected in Fig. 3.1.

O2

H+
e-

HO2•

H+
e-

H+
H2O2

H2O
HO•
e-

H+
e-

H2O

Fig. 3.1. Oxygen reduction reactions pathways. Stable products (possible to separate or accumulate) are
marked in red. HO2•, H2O2 and HO•, along with products of their deprotonation (e.g. HO2- O2-•) are
known as reactive oxygen species (ROS).
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In electrochemistry, it is convenient to consider the thermodynamics based on standard
electrode potentials, E°. In standard conditions, to perform a given reduction reaction, the
required electrode potential needs to be lower than its corresponding value of E°. In a nonselective electrochemical reduction process, where different reactions are possible,
thermodynamically more favored are reactions of higher standard electrode potential.
Unfortunately, in the discussed case of H2O2 synthesis, as presented in Table 2, the E° values
of both side reactions, H2O2 to H2O and O2 to H2O, equal to +1.763 V and +1.23 V respectively,
are higher than +0.67 V, E° of the O2 to H2O2 reduction. Therefore, high selectivity of the
process cannot be provided by simply applying the right potential.
Nevertheless, the efficient H2O2 synthesis process is still possible. An electrode
potential value is an important thermodynamic parameter which determines if the reaction
could take place. However, it does not say how fast this process would be. If due to kinetic
limitation, the O2 to H2O2 process is much faster than both of the undesired side reactions, we
can still effectively produce and accumulate H2O2. There are many examples of industrial
chemical processes allowed by thermodynamics but ruled by the reaction kinetics. Usually, the
key factor is a proper selection of the reaction catalyst in a way that while the first step is fast
and energy efficient, the second one is slow or does not occur at all. The other possibility is a
constant removal of an intermediate product. In case of hydrogen peroxide production, it is
crucial that H2O2 molecule is not adsorbed on the reaction catalyst and leaves the proximity of
the catalyst/electrolyte interface as soon as it is created. This is important consideration from
the point of view of catalyst engineering. While increasing the catalyst’s surface area (e.g. by
deposition of the catalytically active material onto a porous support) we increase the number of
catalytic active sites per geometric area, at the same time we introduce limitations in the
efficiency of mass transport. If proper modifications of the reaction system are not introduced
(e.g. switching to a flow reactor), it might reduce the total hydrogen peroxide yield by
“trapping” H2O2 molecules in the porous areas where they can be reduced further to H2O before
being removed from the catalyst/electrolyte interface.
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Table 2. Values of electrode potentials (E°) at standard conditions (T = 298 K, P = 105 Pa,
concentration of all reagents equal 1 M; values are relative to the standard hydrogen electrode)

E° (vs. SHE)

Reaction
OC + 2H G + 2e` → HC OC

+0.6713

OC + 4H G + 4e` → 2HC O

+1.2313

HC OC + 2H G + 2e` → 2HC O

+1.7636

OC + H G + e` → HO•C

+0.1073

HO•C + H G + e` → HC OC

+1.4673

HC OC + H G + e` → HO• + HC O

+0.873

HO• + H G + e` → 2HC O

+2.7373

2H G + 2e` → HC

0.0 (by definition)

Hydrogen peroxide reduction to water is not the only possible problem in its water-based
synthesis. Another issue is oxidation. As mentioned in Chapter 2.1, in an electrochemical (or
photoelectrochemical) system, we always have a cathode for a reduction and an anode for an
oxidation process. In a best-case scenario of hydrogen peroxide synthesis, we have its
generation on both electrodes, that is reduction of oxygen on the cathode and oxidation of water
on the anode. This not only gives us high yield of hydrogen peroxide but also simplifies the
electrochemical system, which can be made as a single compartment cell. Otherwise, when
electrodes are not selective towards desired processes, the issue becomes much more
complicated. Let us assume that our system allows for production of H2O2 only by the cathodic
reduction of O2. According to Table 1, the required electrode potential has to be lower than
+0.67 V vs. SHE. The process must be balanced by an oxidation reaction on the anode, which
if not able to oxidize H2O to H2O2, oxidizes H2O to O2. This reaction requires the anode
potential to be higher than +1.23 V vs. SHE. If it is not selective towards H2O to O2 oxidation,
it will be also active towards the H2O2 to O2 process, as the +1.23 V vs. SHE potential is higher
than +0.67 V vs. SHE, required for hydrogen peroxide oxidation. Considering the synthesis of
H2O2 by oxidation of water in a system unable to support selective reduction of O2 to H2O2, we
encounter a similar problem. In parallel to the anodic process, we have cathodic reduction,
which can be either O2 to H2O (which requires potential < +1.23 V vs SHE) or H+ to H2 (which
requires potential < 0.0 vs SHE). In both cases, potential is lower than +1.763 V vs. SHE
required for the H2O2 to H2O reduction, which in the case of non-selective cathode, will
dramatically lower the yield of hydrogen peroxide synthesis.
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Despite occurrence of this undesired processes, it is still possible to operate a
(photo)electrochemical setup for H2O2 synthesis with just one, selective electrode. It requires
separation of cathodic and anodic compartments74. If hydrogen peroxide cannot reach the
counter electrode, it will not be reduced/oxidized no matter the potential. The essential
condition of operation of double-compartment system is to provide flow of ionic current, just
like every electric circuit it has to be closed to work. For this purpose, compartments have to
be connected with a salt bridge75 or separated with ion selective membrane76 or ceramic frit77.
Schematics of these systems are presented in Fig. 3.2. For efficient operation, these ionic
connections have to be of the lowest possible ohmic resistance, what can be achieved by e.g.
higher thickness of the membrane78. At the same time, the connection has to be very selective
for ions and completely prevent catholyte and anolyte from mixing.

a)

b)

c)

Fig. 3.2. Possible architectures of double-compartment cells: (a) salt-bridge connection, (b) cell with
glass frit, (c) cell with ion-selective diaphragm. The most common example of the latter is nafion, a
proton-selective membrane of excellent thermal, mechanical, and chemical stability79. Because of the
cross-section shape resembling the letter H, cells in the b) and c) pictures are called H-cells. For the
application in photoelectrochemistry, the photoelectrode compartment has to be transparent for light.

At this point, it is worth mentioning that although being environmentally unfriendly and, at a
first glance, complicated, the process of hydrogen peroxide synthesis by anthraquinone
oxidation (AO) avoids all these problems, as it is based on a completely different reaction
pathway6, shown in Fig. 3.3. In contrast to water-based synthesis, where electrons are supplied
by an electrically charged catalytic surface and protons are constantly available from water
dissociation, in the AO process, hydrogen peroxide is a product of free-radical oxidation of the
organic molecule, very selective in the reaction conditions.
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Fig. 3.3. Simplified schematic of the anthraquinone process. Usually as a main substrate, 2ethylanthraquinone is used. A catalyst for the hydrogenation process is based either on palladium or
nickel. This step is not completely selective, therefore other products of an anthraquinone derivative
reduction are also obtained, leading to consumption of the substrate.

There are also other, technological advantages of the AO process, which can be regarded as
synthesis of H2O2 from H2 and O2, with anthraquinone as catalyst and hydroquinone as the
intermediate product. In contrast to O2 reduction in water on solid catalyst, all substrates and
products are dissolved, therefore we avoid issue of H2O2 adsorption and its further side
reactions. As we are interested in water-miscible H2O2, the presence of organic solvent might
seem conceptually redundant, but in fact, it is beneficial. Even though hydrogen peroxide
concentration in the reaction medium is relatively low, thanks to organic character of the
solvent, it is very easy to separate H2O2 by extraction with water, getting highly concentrated
product. This is very important, as concentration of water solution by water evaporation, though
simple, due to high heat capacity and vaporization heat of water, is an expensive and energyconsuming process.

3.3. The oxygen solubility issue
Solubility of oxygen is a very important parameter, as gaseous oxygen is the main substrate for
hydrogen peroxide, and both abovementioned approaches of H2O2 production are liquid-phase
syntheses. Low concentration of the crucial reagent limits the reaction velocity. In the case of
the very selective AO process it means that to get the same amount of product, the synthetic
setup needs to be heated for a longer time, which is related with energy loss. For water-based
O2 reduction, limited solubility of oxygen (approx. 1.2 mM in pure water under 1 atm O2
pressure80) might have a negative impact on the reaction selectivity and its final product yield.
Let us assume that the catalyst used for hydrogen peroxide synthesis is not fully selective
towards our desired process. When upon accumulation of synthesized H2O2, its concentration
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is similar to the concentration of oxygen, O2 and H2O2 reductions become competitive
processes. Assuming the selectivity ratio as 1:1, having equal concentration of O2 and H2O2,
we produce and consume the same amount of H2O2, which means that its concentration
saturates. If in the same solution we increase the oxygen concentration 10 times, statistically
for one competing molecule of H2O2, we have 10 molecules of O2, which corresponds to 10
times higher probability of O2 reduction and still high efficiency of the process. Therefore, high
concentration of oxygen in hydrogen peroxide production in water environment is absolutely
crucial. The most reasonable approach is to supply it under higher pressure. According to
Henry´s law81:
cd = efg · h
Where:
Cg: Concentration of the gas
HCP: Henry's law constant
p: Partial pressure of the gas
Gas solubility is directly proportional to its partial pressure. Although operating at elevated
pressure significantly increases the cost of the equipment and makes the basic research difficult,
it is a better solution than decreasing the reaction temperature (due to high running cost and
impact on the reaction kinetics) or changing the solvent (using of water is a key feature of low
cost and environmental friendliness). Of course, to maintain high O2 concentration on the local
level (that is in the proximity of the catalyst/electrolyte interface), the solution should be stirred.
In some cases, especially in small scale, this is provided by purging of the solution with a stream
of O2.
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4. Organic electronic materials as catalysts for H2O2 synthesis
As mentioned in the introduction, there are many possible advantages of using organic
electronic materials in catalysis for hydrogen peroxide synthesis. Despite this, to our best
knowledge, they were not explored for this purpose before. Therefore, we selected
representative examples of two main classes of organic electronic materials: molecular
semiconductors and polymers, and investigated their catalytic properties towards H2O2
production.

4.1. Organic pigments as molecular semiconductors
Organic pigments are one of the most important organic compounds, used in many areas of
industry as colorants. Although polymers are the main components of such everyday items as
clothes, plastic toys or domestic appliances, it is pigments, mostly organic, which make these
things colored. An important feature of pigments, which distinguish them from dyes, is that the
former are insoluble (even in organic solvents), while the latter are soluble. Nevertheless, in
specific conditions, pigments can be dissolved. This allows for their applications in cases when
solubility is crucial for deposition of a pigment, but it is undesired later. For example, using
reducer and basic solution, indigo can be dissolved in water as its vat from, used for dyeing of
jeans clothes and then brought back to their initial, insoluble form by exposure to oxygen82.
Currently organic pigments are cheap and easily available, thanks to the progress in
organic chemistry. In comparison to some drugs, their production usually involves inexpensive
precursors and fewer synthetic steps. Although due to their solid state and insolubility,
purification might seem challenging, due to their exceptional thermal stability, organic
pigments can be sublimed83,84 to yield very pure products.
Insolubility of pigments has important consequences. Thanks to this and to high
stability, even if the compound is uptaken by the organism, usually it is non-toxic as it cannot
be digested. Therefore, organic pigments are regarded as safe, in contrast to some inorganic
pigments containing toxic metals and organic compounds of similar, polycyclic aromatic
structure. Apart from thermal stability, low price and non-toxicity, organic pigments are also
known of high light fastness and resistance to degradation, also in presence of oxygen and
water85,86. Their excellent properties make them perfect materials for various applications.
However, traditionally they were not regarded as semiconductors, despite first reports on
semiconductivity of phthalocyanines as early as 194987. Later works proved that similar
properties can be exhibited also by other class of organic pigments, such as perylene diimides88,
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indigoids82, diketopyrrolopyrroles89 and quinacridones90. Based on the well-established
principles of organic electronics, some of these reports might seems surprising, as in contrast
to semiconductive polymers, molecules such as indigo or quinacridone, do not have extended
system of conjugated p bonds, which is regarded as sine qua non of high mobility of charge
carriers. Key features of organic pigments which make them semiconductors are their high
degree of crystallinity and intermolecular p-p stacking of aromatic rings, in some cases
supported by formation of hydrogen bonds between amine and carbonyl groups. Nevertheless,
for efficient operation, the material has to be very pure and deposited in a strictly defined way
(rate, temperature of a substrate), often on the specific substrate, what facilitates proper
arrangement of the semiconducting molecules82.
There are different classes of organic pigments, distinguished based on their chemical
structure. Brief characterization of the most important ones, with examples of applications in
industry and organic electronics, is as follows:
Rylene dyes: Aromatic diimides, mostly of perylenetetracarboxylic acid (Fig. 4.1). Compounds
known of very strong p-p stacking interaction (due to extensive system of aromatic rings),
usually red or brown, with lmax in the 500 - 600 nm range and of n-type conductivity. Presence
of long alkyl-chain substituents makes them soluble in organic solvents, but as dyes, they tend
to aggregate. In organic electronics, perylene diimides are used in PN junctions88,91. Their
synthetic modification may lead to donor-acceptor type of compounds, with substituents either
on nitrogen92 or at the aromatic core93.
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Fig. 4.1. General structure of perylene diimides. Optical properties and the material solubility might be
modified by substitutions, both on the N atoms and the perylene core.

Phthalocyanines: macrocyclic compounds with a ring consisting of 18 p-electrons and two
amine groups inside, which might be deprotonated leading to stable complexes with metal
cations. Due to strong absorption in the 600 - 700 nm range, they are usually blue or green.
Substitution, either of the amine group protons or peripheral hydrogen atoms, modifies optical
properties of the pigment. Replacement of phthalic acid derivatives with their naphthalic
analogous as synthesis precursors leads to naphthalocyanines, compounds with absorption
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shifted to near-infrared region. As p-type materials, just like perylene diimides,, they are
commonly used as constituents of PN heterojunctions, reaching up to 5% power conversion
efficiency94. Fig. 4.2 shows the structure of copper phthalocyanine, the most common
phthalocyanine.
N
N

N
Cu

N
N

N
N

N

Fig. 4.2. Chemical structure of copper phthalocyanine (also known as CuPc).

Indigoids: The most widely spread pigment of this group is indigo (Fig. 4.3.a), which has been
in use since ancient times as a blue dyestuff for coloring fabrics82. Initially very expensive as a
material extracted from natural sources, modern synthetic indigo is easily available and
commonly used in the textile industry for the production of denim blue jeans. Its water-soluble
derivative, known as indigo carmine, is a non-toxic blue dye, used as food colorant95. It can be
obtained by direct sulfonation of the pigment. Other indigoids are also commercially available.
One of the most important is thioindigo (Fig. 4.3.b), which compared to indigo, has the -NH
group replaced with atom of sulfur and is purple in color. Semiconductivity of some indigoids
is a recent discovery82. These compounds are ambipolar, with relatively high mobility of charge
carriers. Possible application of indigo derivatives in photovoltaics and OLEDs is hampered by
very efficient photoinduced proton transfer, reversible isomerization of the molecule upon light
absorption, leading to dissipation of the excited state into thermal energy. Nevertheless,
possibility of photoinduced charge transfer, leading to P3HT photoluminescence quenching,
has been shown for dibromoindigo96.
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Fig. 4.3. Chemical structure of: (a) indigo, (b) thioindigo.
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Quinacridones: Structure of the most common representative, quinacridone, is shown in Fig.
4.4. It is used in industrial coatings, automotive industry, and in manufacturing of printing ink90.
Its color varies depending on polymorphic structure, from the most common magenta color of
a phase to maroon or red color of b and g phases respectively97. It shows ambipolar mobility
of charge carriers in OFETs90. Other commercially available quinacridones are compounds with
-Cl and -CH3 substituents on the side phenyl rings98.
O
H
N

N
H
O

Fig. 4.4. Chemical structure of quinacridone.

Anthraquinones: This group includes many different compounds, consisting of one or two
anthraquinone units (Fig. 4.5.a). Single-unit anthraquinones are compounds of relatively low
molar absorption coefficient and lmax in 400 - 550 nm range. Due to solubility, usually they are
used as dyes. The most common anthraquinone pigments comprise two anthraquinone units,
for example indanthrene (Fig. 4.5.b) or flavanthrone. Some derivatives of these compounds
soluble in organic solvents have been tested in organic electronics as fluorescent emitters in
OLEDs99.
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Fig. 4.5. (a) Chemical structure of anthraquinone. Compounds with -NH2, -OH and -SO3H substituents
are soluble and used as dyes. (b) Indanthrene (known also as indanthrone) is a blue pigment which is,
like indigo, used as a vat dye in textile industry.

Diketopyrrolopyrroles: Known also as DPPs, this is a group of soluble and insoluble
compounds based on the dilactam unit presented in Fig. 4.6.a. They are regarded as high-

32

performance pigments, which are used in automotive industry and in production of high-quality
printing inks100. They are also important in organic electronics, with many derivatives tested in
OFETs, OLEDs and photovoltaics, frequently as a donor-acceptor type of compounds101 (with
DPP unit as an acceptor and thiophene(s) ring(s) as a donor). Industrial DPPs used in OFETs
show ambipolar carrier mobilities89.
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Fig. 4.6. (a) Heterocyclic dilactam which is a constituent of all diketopyrrolopyrroles. (b) Di(pchlorophenyl)-DPP (Pigment Red 254), pigment used in automotive industry in famous Ferrari red
coating.

Porphyrins: Group of compounds structurally resembling phthalocyanines (Fig. 4.7), with a
continuous cyclic system of 18 π-electrons. They are not as stable as other colorants and
therefore not used as industrial pigments. Nevertheless, they are of very high importance in
physiology of many organisms. As complexes with some metal cations, porphyrins occur in
nature (for example as chlorophyll or heme) and are crucial in processes involving transfer of
energy. In organic electronics they are tested in OLEDs as well as in photovoltaics, either as ptype material or as a dye in dye-sensitized solar cells102. Porphyrins are also promising
photosensitizers in photodynamic therapies of cancer103.
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Fig. 4.7. Structure of porphine, the parent compound for porphyrins such as chlorophylls and heme.

In our research we tested H2Pc (metal-free phthalocyanine, Fig. 4.8.a), PTCDI (perylene
diimide derivative, Fig. 4.8.b) and EPI (epindolidione, a pigment structurally similar to
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quinacridone, shown in Fig. 4.8.c) as well as their water-soluble counterparts as electro-,
photoelectro-, and photocatalysts for H2O2 photoevolution.
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Fig. 4.8. Chemical structure of H2Pc (metal-free phthalocyanine), PTCDI (perylene diimide derivative)
and EPI (epindolidione), organic pigments used in this work.

4.2. Semiconducting and conducting polymers
Polymers are historically among the first semiconducting materials, with initial reports on partly
conductive aniline derivatives as early as in XIX century. Probably the most famous example
is polyacetylene, which is semiconductive in its pristine form, but becomes highly conductive
after doping it with iodide104. This crucial finding significantly contributed to growing interest
in organic electronics and won their discoverers the Nobel Prize in Chemistry in 2000. Despite
historical importance, polyacetylene does not have commercial applications, mostly because of
its poor mechanical properties and low stability.
The common feature of conducting polymers is a conjugated system of alternating
single and double bonds, which are delocalized. It means that they are able to resonate, which
is essential for conductivity of the polymer. As π-bond conjugation is typical of compounds
with aromatic rings, except for polyacetylene, all other types of conducting polymers have
aromatic rings in their repeat unit. Although a whole gamut of polymer types has been tested,
probably the most important are derivatives of thiophene, with many examples of such
materials successfully applied in organic solar cells29 and field effect transistors105. The most
widely known polythiophenes are P3HT and PEDOT.
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4.2.1. P3HT - Poly(3-hexylthiophene-2,5-diyl)
P3HT, Poly(3-hexylthiophene-2,5-diyl), is a p-type semiconducting polymer of good solution
processability, optical stability, and mechanical properties. Although it can be doped to afford
a conducting polymer106, usually it is used in its pristine, semiconductive form. Its ability to
form an efficient PN bulk heterojunction with n-type PCBM (Phenyl-C61-butyric acid methyl
ester) led to rapid development of solution-processed organic photovoltaics29. The repeat unit
consists of a thiophene ring, which forms the conjugated system of bonds stretching over the
entire polymer chain, but also an n-hexyl substituent which makes the material soluble in
organic solvents and facilitates highly ordered molecular arrangement of polymer chains,
crucial for high hole mobility. Presence of alkyl chains also makes the material hydrophobic,
which is beneficial for its stability in humid environment. Although hydrophobicity is not a
desired feature for catalysis in water environment, there are examples of such applications of
P3HT107.
Depending on the relative orientations of adjacent thiophene units, we distinguish
different isomers of P3HT, presented in Fig. 4.9.
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Fig. 4.9. Different structural isomers of regioregular P3HT: a) head-to-tail-head-to-tail, b) tail-to-

tail-head-to-tail, c) head-to-tail-head-to-head, d) tail-to-tail-head-to-head. Apart from these,
there is also regiorandom P3HT, with no order of the alkyl chain position.
Due to presence of steric hindrance caused by bulky, n-hexyl substituents in close vicinity,
head-to-head or tail-to-tail units are twisted, which negatively impacts their conjugation. Due
to that, these polymers have poor hole mobility. Conversely, regioregular head-to-tail-head-totail isomer (ht-ht) have well-conjugated, flat chains, providing high mobility of charge carriers
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and slightly lower band hap108. Because of this, in the vast majority of applications, this type of
P3HT is used.
Poly(3-hexylthiophene-2,5-diyl) of the desired ht-ht regioregularity can be obtained by
the Grignard Methathesis polymerization, involving in situ formation of organomagnesium
derivative from 2,5-dibromo-3-hexylthiophene, followed by polymerization catalyzed by Ni
complexes109, as shown in the schematic in Fig. 4.10.
C6H13

Mg+X-

Br
C6H13

C6H13

C6H13

S
R'Mg+X-, THF

Br

Br

RT or reflux

C6H13

S

Ni(dppp)Cl2

+

0.2 - 1 mmol %, 1h

S

S

S
C6H13
-X+Mg

n

Br
S

Fig. 4.10. Schematic of the regioregular ht-ht P3HT synthesis.
This is important information from the point of view of P3HT applications is catalysis. Because
of the synthetic procedure, the polymer might be contaminated with trace amounts of transition
metals, what might significantly impact the efficiency and selectivity of the desired catalytic
transformations.
In our research aiming for hydrogen peroxide production, we tested applicability of
P3HT in photocatalysis. As of the moment of publishing this thesis, photoelectrocatalytic
studies of this material are underway.
4.2.2. PEDOT - Poly(3,4-ethylenedioxythiophene)
PEDOT, Poly(3,4-ethylenedioxythiophene), is a polymer of the structure shown in Fig. 4.11. It
is probably the most important conducting polymer, of industrial applications such as antistatic
coating, hole transporting layer in photovoltaics and OLEDs, electrochromic displays110 and in
manufacturing of lithium-polymer batteries.

O

O

S

Fig. 4.11. Structure of PEDOT in its pristine, undoped state.
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It is a p-type semiconductor in its pristine state, just like other polythiophenes, but
compared with them, it has a key distinguishing feature, that is a presence of ethylenedioxy
bridge. This not only increases chemical stability (by preventing oxidation reactions on the 3
and 4 positions of thiophene ring) but also raises HOMO level of the polymer, which lowers
the band gap and facilitates oxidative doping.
Depending on the oxidation state, color and transparency of PEDOT varies. While
reduced polymer is dark blue, by increasing of the doping level it turns light blue and gains
optical transparency111. This property is crucial for manufacturing of electrochromic displays,
which operate based on electrochromism induced by changing of the voltage.
There are many possible ways to synthesize PEDOT, leading to products of different
properties. All of them are based on the oxidation process of EDOT, 3,4ethylenedioxythiophene, which can be performed chemically110 (e.g. by iron (III) salts) or
electrochemically111. Probably the most important formulation of PEDOT is PEDOT:PSS,
which is produced by oxidation of EDOT in water mixture of Fe2(SO4)3 and Na2S2O8 in the
presence of PSS, poly(styrenesulfonate). Despite relatively low polymerization degree of
material obtained in this way, it is of high electrical conductivity and can be easily processed
from solution110. Structure of PEDOT:PSS is shown in Fig. 4.12.
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Fig. 4.12. Structure of PEDOT:PSS. Long chains of poly(styrenesulfonate) form a backbone for
oligomeric units of PEDOT, giving a very stable structure which cannot be separated by electrophoresis.
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High abundance of negatively charged sulfonic groups in PSS chains is an important
feature for doping of the material. Thanks to this, the oxidation state of the PEDOT oligomers
might be easily changed without necessity of transporting bulky anions. With PSS as a
counterion, only protons (which are of small size and high mobility) have to be
delivered/removed upon de-doping/doping process. This is extremely important feature, which
makes the PEDOT:PSS not only an electron, but also a proton conductor112. Therefore, the
variety of possible applications of the polymer is much wider than described above and involves
extensive research efforts on PEDOT-based electrochemical transistors and sensors. It also led
to establishment of iontronics12, which as a bridge between ionic and electronic transport,
allows for the effective device operation whenever electronic signal has to be transduced into
movement of ions (e.g. ion pumps, stimulating electrodes).
Just like in case of polyaniline113, conductivity of PEDOT:PSS films can be increased
by so-called secondary doping114. This is caused by an introduction of a chemically inert
substance to the polymer solution, which favors a proper arrangement of its chains, leading to
high conductivity of the material. Even if the secondary dopant is completely removed during
the polymer deposition or the following post-treatment, the conductivity enhancement may
persist. For PEDOT:PSS, commonly used secondary dopants are for example DMSO, DMF,
diethlylene glycol or sorbitol. Their application allows for increasing the conductivity by up to
three orders of magnitude, to values over 1000 S/cm114.
Our study of catalytic activity of PEDOT for synthesis of hydrogen peroxide was based
on fabrication of electrodes made of three different types of PEDOT: commercial PEDOT:PSS,
chemically polymerized PEDOT:Cl, and finally electropolymerized PEDOT and using them as
electrodes in electrolysis of oxygenated water, leading to accumulation of H2O2 in the cathodic
compartment.
4.2.3. Melanin
Although the vast majority of polymers used in organic electronics is generally regarded as
non-toxic, they are not natural-origin materials. Despite many studies showing their
biocompatibility, from the point of view of bioapplications it is also important to investigate
naturally occurring polymers. There are not many examples of semiconducting polymers in
nature. The most important is probably melanin, occurring in different types115: pheomelanin,
neuromelanin, and eumelanin, which of these three is of the highest research interest and
physiological importance.
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Eumelanin is a polymer comprising units of 5,6-dihydroxyindole and 5,6dihydroxyindole-2-carboxylic acid, presented in Fig. 4.13. It is widespread in nature as a dark
pigment116. Despite the presence of carboxylic groups, due to cross-linking, the material is
insoluble in water. Its exact structure and ratio of monomer units is not defined and might be
different for different organisms. Therefore, eumelanin color varies, from shades of brown to
black.
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Fig. 4.13. Monomers of melanin: (a) 5,6-dihydroxyindole (DHI) and (b) 5,6-dihydroxyindole-2carboxylic acid (DHICA). The exact monomer ratio and the structure they form is not defined.

The main biological role of eumelanin is protection against UV light, it is highly absorptive in
this spectral range. In nature, synthesis of the polymer starts from the amino acid tyrosine,
which is oxidized to the DOPA and then dopaquinone, after which different synthetic pathways
are possible. The process is usually induced by exposure to sunlight. For the research purpose,
eumelanin is usually prepared by ammonia-induced solid-state polymerization of the DHI (Fig.
4.13), which occurs in presence of oxygen117. The monomer is dissolved in methanol and can
be deposited onto a desired substrate by e.g. spin coating or drop casting.
Eumelanin was the first biopolymer to be investigated as a semiconductor, with the first
reports on photoconductivity and dark-DC conductivity in the 1970s118–120. Although it was
demonstrated that these phenomena depend on the hydration state of the material, all
hypotheses on the conduction mechanism assumed electron-hole type transport. The observed
dependence of conductivity on water content has been explained as local modification of
dielectric constant by the uptaken H2O molecules. However, recent studies show that eumelanin
is predominantly a proton conductor121. This property, along with complete biocompatibility of
melanin, makes it attractive material for applications in bioelectronics, although low
conductivity of the material is still an important problem.
In our work, we obtained thin layers of eumelanin and tested their photocatalytic and
photoelectrocatalytic activity towards H2O2 evolution.
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5. Fabrication
In most cases, investigation of catalytic properties of the materials requires preparation of a thin
film device. This chapter provides characteristics of all fabrication methods used in our work.
Exact experimental details can be found in the included papers.

5.1. Preparation of thin films by physical vapor deposition (PVD)
5.1.1. General characterization of PVD
The term physical vapor deposition concerns a wide variety of methods of manufacturing of
thin films, in which a solid material is transferred to a vapor phase and then condensed back at
the desired substrate in a form of thin film122. In general, we assume that the obtained layer is
of the same chemical composition like the starting material, although in some cases it might be
modified, intentionally, or by unwanted side reactions. The two most important techniques are
thermal evaporation and sputtering, which are widely used in industry, not only in electronics
and optics but also in production of packaging123. Other examples include cathodic arc
deposition, closed-space sublimation, and pulsed laser deposition. The common feature of all
PVD techniques is that the process is performed in vacuum. It is crucial for the efficient
deposition which is based on transferring of the material from the source to the substrate. The
process can be efficient only if the source-substrate distance is shorter than the mean free path
at a given pressure, that is an average distance a moving particle travels before it hits another
molecule. Otherwise, atoms (or molecules) of the material collide with a gas present in the
environment and scatter. Usually, PVD processes are performed at pressure in the 10-3 to 10-7
mbar range, when mean free path is in the 10 cm - 1 km range124, which is much higher than
the source-substrate distance (below 1 m, usually a few cm). In some cases, the other advantage
of running PVD process in vacuum is the fact that oxygen and water vapor are not present in
the environment (or their content is very low), therefore it is possible to work with materials
which otherwise would react with oxygen or water in conditions of the process, e.g. thermal
evaporation of reactive metals, such as Mg or Al122.
The main advantage of PVD techniques is that they do not require any solvents or
chemicals other than the material itself. This is environmentally friendly and allows to work
with sensitive substrates. The major drawback is that they utilize expensive and sometimes
bulky equipment what is associated with significant investment expenses. In our studies, we
used solely thermal evaporation, therefore it is described in more details below.
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5.1.2. Thermal evaporation
Thermal evaporation, performed in a setup called a thermal evaporator (sample picture shown
in Fig. 5.1) consists of two simple processes: evaporation of molten material (or sublimation of
solid) induced by heating and its condensation on the substrate, which has to be at lower
temperature than the source (although in some cases it is also heated, e.g. to give a thin film of
different polymorphic structure, or to desorb undesired molecules from the surface). Heating of
the material is provided by a current passing through the source it is loaded to, which is of high
electric resistance. Usually, the heating source is made of a metal in a form of thin, U-shaped
plate (called boat) or coil, containing crucible made of metal or ceramics. Materials used for
heating sources must be stable in the temperature range of the process, they must not evaporate,
sublime or react with the material. Frequently, they are made of tungsten, molybdenum or
tantalum122. For better uniformity of the deposited layer, the substrate is usually rotated during
the deposition process.

Fig. 5.1. (a) Picture of one of the evaporation systems used in our work (modified Edwards 306 with
Moorfield box chamber). Relative position of the quartz crystal monitor to the shutter allows for
adjusting the rate before opening the shutter. (b) Sample pictures of heating sources: I – tungsten boat,
loaded with silver, II – tungsten coil with ceramic crucible, loaded with organic pigment.

By controlling the current passing through the heating source, we control its
temperature. The higher the temperature, the higher the evaporation rate. In general, higher
rates facilitate quality of layers by reducing the roughness and minimizing inclusion of gas
impurities125.
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Thickness of the material can be controlled by a quartz crystal monitor, present in the
evaporation chamber. As it can be seen in Fig. 5.1, positions of quartz crystal monitor and the
substrate are different. Therefore, the amount of material reaching the thickness monitor differs
from the amount reaching the substrate. Fortunately, as long as no changes are introduced to
the evaporation system, ratio of the material thickness on the substrate to the material thickness
on the quartz crystal balance is constant. This parameter, called tooling factor, has to be
determined experimentally before fabrication of samples.
In the evaporation process, the material can be deposited only in the areas of the
substrate which are not covered. Therefore, we can control the evaporated pattern by application
of so-called shadow masking, which is its negative image cut in a thin metal or plastic foil. This
way, conductive traces or electrodes of a given area might be easily fabricated in a single step.
Although convenient, this approach has limitations of minimum size of the deposited feature.
Due to geometry of the system, part of the material vapor reaches the substrate at the angle
different from 90°. Therefore, areas close to the cutouts in the shadow mask do not get the same
amount of the material like in the middle, what causes nonuniformity of the coating. This effect,
called shadowing126, is not a problem when features are big, but becomes a significant issue
when their size is comparable to thickness of the mask used. To minimize shadowing, masks
should be made of thin materials and mounted as close to the substrate as possible. The same
effect is also responsible for nonuniformity of the coating thickness when highly rough
substrates are used.
In our research, thermal evaporation has been used for deposition of pigments:
epindolidione, H2Pc, and PTCDI (in papers 1,3,5), layers of chromium/gold (in papers 1,2) and
layers of gold (in paper 3). Evaporation of organic pigments has been performed at a faster rate
than in some previous works concerning preparations of OFETs, that is at 1 - 3
Å · s-1 rate. Gold has been usually evaporated at 3 - 5 Å · s-1 rate which is fast enough to get
layer of high quality and smoothness, and at the same time, the process is slow enough to be
easily controlled by closing the shutter. In case of chromium, due to low thickness of this layer
(1 nm), rate used was never higher than 0.4 Å · s-1. During evaporation, substrates were always
rotated and never heated.

5.2. Preparation of polymer films
Thermal evaporation is easy to control and reproduce, but it can be used only for materials
which evaporate or sublime. Usually, it is not possible in case of polymers, which upon heating,
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degrade before turning to gas phase (apart from a few exceptions e.g. polyaniline127 or lowdensity polyethylene128). Although there are techniques in which thin film of polymer is formed
in a vacuum or solvent-free process, usually in research and industry, solution processing is
used for deposition. This subchapter describes methods of preparation of polymer thin films
used in our work.
5.2.1. Spin coating
Spin coating is a method in which the polymer solution is applied on the center of the substrate,
which is then rotated at high speed (usually 1000 - 5000 rpm), which spreads the solution by
centrifugal force129. The device used for this process, a spin coater (shown in Fig. 5.2), apart
from the rotation velocity, usually allows for control of the rotation acceleration. Upon
spreading of the solution, solvent evaporates, resulting in formation of a thin solid film of the
dissolved material.

Fig. 5.2. Pictures of the Laurell WS 400A, spin coater used in our work.

Thickness of the layer depends on many factors, such as viscosity, speed of spinning, and
concentration of the polymer. Thickness dependence on these parameters can be described by
the following formula130:
l ∝ n `o/C ⋅ qo/r ⋅ st
Where:
δ: thickness
ω: angular spinning speed
η: viscosity of the solution
c0: material concentration
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Spin coating is a versatile method, which can be used for both polymers and low molecular
weight compounds, although layer uniformity is usually better for polymers. However, just like
other deposition techniques based on solution processing, it requires using a solvent which is
neutral towards the substrate or other materials deposited on it previously. It is also important
that the substrate is well-wetted by the solution131. The main advantage of spin coating is that
it does not require expensive equipment. Its major drawbacks are poor utilization of the material
(most of the solution is flung off the substrate) and radial nonuniformity of the thickness
layer132, which can be thicker in the center. Spin coating is one of the most important methods
of device manufacturing in organic electronics, used in preparation of many different types of
devices. It is also used in industry in microfabrication of electronic circuits, for deposition of
photoresists133.
In our work we used spin coating for preparation of P3HT layers on Si/Au substrate in
paper 5 and as a first step of fabrication of eumelanin layers in paper 4.
5.2.2. Drop casting
Technically very simple method, it is widely used in research, although layer uniformity is
usually worse compared with spin coating. The solution of the material is casted by dropping
its desired volume on the substrate which is then left for drying. Slow evaporation of solvent
(sample covered with a lid with small opening, environment saturated with vapor of solvent)
facilitates formation of more uniform layers134. Compared with spin coating, material utilization
is much better, as the whole volume of the solution used contributes to growth of the layer
thickness. Therefore, to get the same thickness like by spin coating, less concentrated solution
can be used, which is important in case of materials of poor solubility. Apart from simplicity,
the big advantage of drop casting is the fact that quantity of the deposited material is very easy
to determine. Therefore, this method has been used in preparation of P3HT layers on plastic
substrate in paper 5.
5.2.3. Chemical and electrochemical polymerization
Spin coating and drop casting of polymers are both physical methods in which the material is
synthesized and purified before the deposition. However, it is possible to obtain thin layers of
material as a result of polymerization. Depending on the conditions, it might lead to product of
not only variable thickness and morphology, but also chemical form (different molecular weight
or counterion of doped polymer). The main substrate, monomer (or monomers), can be used in
various ways:
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•

dissolved with rest of the reagents:

•

in solid state, after deposition of desired amount of monomer onto a substrate which is
then treated in a way leading to polymerization (e.g. heated);

•

as vapor, with rest of the reagents deposited on the substrate before the process (vapor
phase polymerization, VPP135).

In preparation of thin layers by polymerization, a monomer undergoes oxidation reaction with
iron (III) salts (e.g. chloride, tosylate) or ammonium persulfate. The advantage of this approach
is fact that it can be easily performed on almost any substrate. The main disadvantage is
necessity of removal of the reacted oxidant (e.g. by washing with HCl). Therefore, it is difficult
to prevent the polymer from contamination, which is especially undesired if it is to be used as
catalyst.
However, removal of the oxidant residue is not an issue when the polymerization is
performed electrochemically136. In this process, a conductive substrate is used as the working
electrode in an electrochemical process involving solution of monomer and electrolyte, which
is the source of ions as charge carriers and counterions for the polymer (if it is electrochemically
doped). As a counter electrode, platinum is usually used. For better precision and
reproducibility, it can also be run with a third, reference electrode. The process is controlled by
a DC current source (e.g. potentiostat). The electrode potential (or the current) might change
during the process, depending on the electrochemical technique and its settings. Usually, we
run polymerization using cyclic voltammetry (CV), chronoamperometry (CA), or
chronopotentiometry (CP). These are described in Chapter 6.6 concerning characterization of
materials. Thickness of the polymer can be easily controlled by changing the process time (or
number of cycles while running CV polymerization).
Electrochemical polymerization may give a product of high molecular weight which is
insoluble, even if the polymer obtained by chemical polymerization dissolves in the same
condition. This leads to well-defined, uniform layers of good adhesion. If the obtained polymer
does not deposit on the electrode, by addition of non-solvent, the composition of the precursor
might be changed in a way that only the monomer and electrolyte are soluble. The major
limitation of electrochemical polymerization is that it can be used only for conductive
substrates.
The big advantage of (electro)chemical polymerization is that it is based on the
monomer as a starting material. This allows for obtaining films of materials which are not
commercially available (or equivalents of commercial polymers of different properties).
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In our work we used chemical and electrochemical polymerization for preparation of
PEDOT layers, using EDOT dissolved in organic solvents (n-butanol and acetonitrile
respectively) for the work described in paper 2. Chemical polymerization also led to layers of
melanin in paper 4, after spin coating of the reaction precursor onto the substrates.

5.2.4. Other methods of preparation of polymer films
Apart from the abovementioned, there are also other techniques of preparation of polymer thin
films, either physical or chemical. The former group includes methods based on polymer
solution processing, such as dip coating, spray coating, various printing techniques, doctor
blading, bar coating, or layer-by-layer technique, useful for polyelectrolytes. RF sputtering is
also possible with some polymers137,138. As regards to chemical methods, an example of the
method important in electronic industry is chemical vapor deposition (CVD) of Parylene C,
when the precursor is cracked at elevated temperature in vacuum, yielding the monomer which
polymerizes in cold zone of the coater. This gives excellent material for coating of printed
circuit boards. Since none of these methods was used in this work, they will not be elaborated
here.

5.3. Other processes in manufacturing of thin layer devices
An important step of the device preparation is cleaning of the substrate, no matter of which
deposition method is used. In all cases, substrates have been ultrasonically cleaned in series of
solvents, dried and treated with UV generated ozone or O2 plasma just before the device
fabrication. Good care of the material purity must also be taken, as any impurities might
significantly lower mobility of charge carriers139. Therefore, all pigments have been purified by
sublimation before evaporation. All details can be found in the attached papers.
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6. Characterization
This chapter concerns characterization techniques and methodology of the H2O2 evolution
experiments. Apart from those listed below, there are many other methods allowing for better
understanding of the catalytic systems, such as small-angle-X-ray scattering or isotopic
labeling. Only general principles of the methods used in our work will be discussed. Details
can be found in the papers included in this thesis.

6.1. UV-Vis spectroscopy
UV-Vis spectroscopy, as all spectroscopic methods, is based on an absorption of
electromagnetic radiation by an investigated sample. In this case, the radiation range usually
used covers part of ultraviolet, the whole visible light and part of near infrared, that is 200 1100 nm. Upon absorption, molecules undergo electronic transitions, that is their valence
electrons are excited to a higher energy level. Because of this phenomena, intensity of the light
(that is, number of photons) transmitted by the material is lower than intensity of the incident
light140. This difference is recorded by a photodetector, part of the UV-Vis spectrometer, the
instrument used for this purpose. The amount of the light absorbed is proportional to the number
of given molecules. In the case of solutions, for each wavelength this dependence is described
by the following formula, known as the Beer-Lambert law:
w = x·s·y
Where:
ε: molar absorption coefficient
c: concentration of the compound
l: optical path length
The logarithm of the I0/I quotient, known as absorbance, is an obtained output value. As A is
directly proportional to the material concentration in solution, this is a very useful tool in
quantitative analysis. In the case of thin film samples, the terms for molar absorptivity and
concentration are replaced by the absorption coefficient, a.
UV-vis spectroscopy is also helpful in qualitative analysis. By registering the entire
spectrum of absorbance values for given wavelength range, we can identify chemical moieties
in the material based on their electronic transitions. In some cases, it allows for identification
of the entire chemical compound. Depending on the chemical vicinity of a given moiety, its
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excitation by light may require different energy. Qualitative analysis can be also supported by
the fact that during electronic transitions, vibrational transitions (which we normally identify
by e.g. FTIR spectroscopy) are also possible. It makes the UV-Vis spectrum more complicated,
but the relative intensity of peaks associated with given electronic transition might support
qualitative analysis.
In our research we used UV-Vis spectroscopy for qualitative analysis of catalysts
degradation during H2O2 evolution in papers 1,3,4,5,6. It was also essential in measurements
of hydrogen peroxide concentration in all 6 papers. Methodology of H2O2 is described in a
separate section below. Furthermore, UV-Vis spectroscopy was useful in qualitative analysis
of dyes aggregation in paper 6, and to support the hypothesis of polymorphic transition
in paper 3.

6.2. Photoluminescence spectroscopy
Photoluminescence spectroscopy (PL) in some respects resembles UV-Vis spectroscopy, the
instrument also registers the number of photons as a function of a wavelength. However, in this
case, these are not photons of the incident beam, unabsorbed by the sample, but the light emitted
due to its excitation with an irradiation of higher energy140. It allows to get a luminescence
spectrum, which like in the case of UV-Vis spectroscopy, depends on the energy of electronic
and vibrational states of the material. A characteristic feature of this method is its strong
dependence on the environment, surrounding the investigated molecules. Presence of other
compounds may lead to emission quenching or enhancement. PL is useful in both qualitative
and quantitative analysis, although the dependence of luminescence on the material
concentration is not as straightforward like in the case of UV-Vis spectroscopy.
In our work this method was used in papers 5 and 6 for the aggregation study of
catalytically active particles (or molecules) present in the reaction mixtures.

6.3. Dynamic light scattering (DLS)
DLS is a technique useful in determination of size distribution of particles, dispersed in a
colloid141. A beam of polarized, monochromatic light (usually a red laser) falls on the sample.
When the photons collide with particles present in the solution, they are scattered in all
directions. The diffracted light interferes, leading to waves of greater or lower amplitude.
Thanks to polarizers and detectors (located in a way that the laser beam does not irradiate them
directly) this leads to data which after mathematical processing gives us the size distribution of
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particles. The essential condition of the measurement is proper concentration of the dispersed
material and that the light is not absorbed by it.
In the works included in this thesis, DLS was used in papers 5 and 6 for the aggregation
study of catalytically-active particles present in the reaction mixtures.

6.4. Scanning electron microscopy (SEM)
SEM is an electron microscopy technique in which the sample is scanned with an electron
beam. High velocity electrons interact with the sample in different ways. In the most common
mode of microscope operation, we utilize the fact that atoms excited by the beam emit electrons,
called secondary electrons, which hit the detector (or detectors)142. The imaging is possible
thanks to the fact that the number of secondary electrons is different for different areas of the
scanned specimen and it depends on the topography and chemical composition, among other
factors. The technique requires vacuum to avoid collisions of electrons with molecules of gas
present in the environment. The specimen has to be electrically conductive, otherwise imaging
may be impossible due to charging of the sample. A charged surface repels electrons and leads
to distortions in the imaging. Non-conductive samples might be covered with thin layer of
conductor, e.g. by sputtering of platinum. The SEM resolution depends on many factors. For
metals it can usually be increased by higher voltage of the beam, up to 30 kV, leading to images
with resolution lower than 1 nm143. On the other hand, in case of semiconductors, too high
voltage can lead to surface charging effects or damage of the surface, therefore in this work we
usually use 3 - 6 kV.
Working on H2O2 evolution, we used the SEM for characterization of the morphology
of the devices in papers 1, 2 and 3. In case of the latter, the images before and after the
experiment was useful in investigation of possible degradation effects of the device
performance.

6.5. Determination of H2O2 concentration
There are many ways of H2O2 quantification144, the selection depends on factors such as
concentration range, available equipment, and presence of other substances in the solution. In
most cases, we utilize redox properties of H2O2 molecule, which can be both a reducer and an
oxidant. A brief characterization of the most common methods is presented below:
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Titration: usually, with a solution of potassium permanganate or iodometric titration (in two
steps: I - oxidation of iodide to iodine, II – titration of I2 by thiosulphate). The reaction during
these titrations are as follows:
•

Titration with KMnO4: H2O2 is a reducer:
G
CG
2MnO`
+ 8HC O + 5OC
K + 5HC OC + 6H → 2Mn

The titration endpoint is when an excess of the KMnO4 turns the titrated solution pink.
•

Titration with S2O32-: H2O2 is an oxidant:
HC OC + 2I ` + 2H G → 2HC O + IC
C`
`
IC + 2SC OC`
r → 2I + SK OÄ

The titration endpoint is when the titrated solution, dark blue after addition of starch,
decolorizes.
Titration is the most widespread H2O2 quantification method in the research on hydrogen
peroxide synthesis. It does not require any expensive equipment, although its applicability can
be limited by non-selectivity of the used titrant e.g. KMnO4 is able to oxidize both H2O2 and
oxalate, if this substance is used as sacrificial electron donor. The detection limit can be low
enough to use this method for diluted H2O2 solutions, especially for iodometric titration.
Direct spectrophotometric measurement: As mentioned in Chapter 3.1, H2O2 absorbs UV light,
which may be used for its quantification, by measuring absorbance at e.g. 250 nm64. The method
is fast, convenient and H2O2 is not consumed, what can be very important if due to low volume
of the reaction solution, an aliquot used for an assay has to be returned to the reaction system.
The disadvantage of it is high detection limit and the fact that it cannot be used if the solution
contains other substances absorbing UV light.
H2O2 electrochemical sensors: Instruments consisting of a probe and controller, which operate
based on electrochemical oxidation or reduction of H2O2. The higher H2O2 content, the higher
the resulting current145. Such a sensor usually requires calibration in given conditions, but it
offers on-line H2O2 measurement and low detection limit, although it might be sensitive to
presence of other, redox-active substances. Some instruments of this type allow for detection
of H2O2 vapor in gas. Standalone, H2O2-designated instruments are very convenient but used
mostly in industry. In research on hydrogen peroxide, electrochemical detection is usually
performed with a potentiostat and metal electrodes, especially in a rotating ring-disk electrode
studies of the reaction kinetics146. The ring-disk methodology was used in paper 2.
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UV-Vis spectophotometric assays: an aliquot of H2O2 solution is added to an assay mixture
containing a compound which reacts with hydrogen peroxide with the formation of a colored
product147. The obtained dye can be quantified spectrophotometrically, leading to value of
peroxide concentration based on the calibration curve. In many cases to facilitate the assay, it
is performed in a presence of horseradish peroxidase (HRP) enzyme as a catalyst of the
oxidation by H2O2. There are many possibilities of using different substances as dye precursors,
depending on the required sensitivity and optical transparency. Usually, the assay mixture has
to be buffered, due to presence of the enzyme and the fact that color of many dyes depends on
the pH. The advantage of this method is its simplicity, speed (measurement of absorbance at
single wavelength takes less time than titration), possibility of using plate reader for
measurements of absorbance (this allows operation with aliquots of the volume as low as 1 µL)
and in many cases, good selectivity towards H2O2.
This is the method widely used in all of our works. We used a literature procedure148
based on the phosphate/citric buffer of pH 5.5-6, HRP as an enzymatic catalyst and TMB
3,3',5,5'-Tetramethylbenzidine which gives a blue product by the reaction shown in Fig. 6.1.
blue

enzyme, H2O2
H 2N

NH2

H 2N

NH2

HN

NH

1/2

Fig. 6.1. The reaction scheme of the TMB oxidation used for H2O2 quantification. The product of the
reaction forms a blue adduct with a molecule of the unreacted substrate.

Thanks to the fact that λmax of the adduct is above 650 nm (exact value might vary, depending
on the pH; calibration is recommended for every batch of the buffer) we could use this method
even for the solutions containing pigments and dyes in paper 5 and 6. Depending on the aliquot
volume, this procedure can be used for detection of H2O2 in a 1 µM - 10 mM range if a plate
reader and the 96 wells plate is used. More concentrated solutions have to be diluted before an
assay.
Luminescence assays: the principle is very similar to spectophotometric assays, the only
difference is that the obtained product of oxidation by H2O2 is quantified by fluorescence149 or
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chemoluminescence150. These methods also require buffered solution and are facilitated by the
HRP enzyme. If a plate reader is available, exactly the same equipment can be used for all three
techniques. The advantage of luminescence methods versus UV-Vis spectroscopy is that they
can be even more sensitive, but as the efficiency of light emission strictly depends on the
solution composition, separate calibration has to be performed for every single type of sample.

6.6. Electrochemical characterization
6.6.1. General information on electrochemical measurements
Electrochemistry is a field of physical chemistry which studies chemical reactions induced by
electricity. Therefore, it is of high importance in organic electronics and photo(electro)catalysis
as an essential tool for characterization of active materials. Even in photocatalysis, where we
do not have any electrical circuits and standalone electrodes, it can provide with useful
information. In an electrochemical experiment, we induce redox processes on two electrodes19.
One of them, the working electrode (WE) is the device of interest (or material deposited on a
conductive substrate). The second one, counter electrode (CE), enables complementary redox
process, as discussed in Chapter 2. Surface area and catalytic activity of the counter electrode
should not limit the process on the working electrode, therefore we usually use platinum, e.g.
in a form of mesh. The electrochemical system is frequently equipped with a third, reference
electrode, to provide a control over the potential of the working electrode. If the system is
equipped with just two electrodes, only the potential difference EWE vs. ECE can be controlled.
As the ECE is not stable and it strongly depends on the electrolyte (which composition locally
changes also during the electrochemical process), any change of the counter electrode potential
changes the potential of working electrode. What is more, in the 2-electrode system, the value
of EWE is also influenced by an ohmic drop on the electrolyte, which, apart from its composition,
depends on the distance between working and counter electrodes. Therefore, for good reliability
of measurements, we equip the electrochemical system with the third, reference electrode (RE)
and control/register the EWE versus this electrode. Stability of the ERE is provided by its design
and the fact that current does not flow thought it. This assures stability of local electrolyte
composition and eliminates the problem of ohmic drop on the electrolyte. Currently, the most
commonly used reference electrolyte in water electrolytes is Ag/AgCl in KCl solution.
To summarize this discussion, we can conclude that characterizing the working
electrode, we measure the current versus counter electrode and the potential versus reference
electrode. If we control the potential, we measure the current, and vice versa, if we control the
current, we measure the potential. The way we operate these parameters depends on the
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electrochemical technique in use. Due to the very broad spectrum of possible methods, the
discussion will be limited only to the ones used in our work: cyclic voltammetry, linear sweep
voltammetry, chronoamperometry, and chronopotentiometry.
In linear sweep voltammetry (LSV) we register the current and control the potential by
changing it within a given range (from E0 to E1) at a given rate (mV/s). As a result, we obtain
the I = f(E) dependence. Graphic representations of the potential change in time, along with a
sample linear sweep voltammogram are shown in Fig. 6.2.

Fig. 6.2. (a) The dependence of the working electrode potential versus time for the linear sweep
voltammetry in the E0 to E1 range. (b) A sample linear sweep voltammogram: I = f(E) dependence,
typical of the O2 to H2O2 reduction process on an organic catalyst (if E0 < E1).

Cyclic voltammetry (CV) resembles linear sweep voltammetry, we also register the current and
control the potential by changing it within a given range (from E0 to E1) at a given rate (mV/s).
The difference is that we do not stop the measurement once the E1 value is reached, but the
scanning then goes the other way, that is the potential changes from E1 to E0 at the same rate as
before. As the result, we obtain the I = f(E) dependency. When the redox process results in a
product adsorbed on the electrode, the reverse cycle might reverse the process, what can be
seen as a current of similar absolute values like in the forward cycle, but of the opposite sign.
Registered values of current depend on the reactant concentration and on the scan rate in a way
that the higher scan rate, the higher the absolute value of current. This is related with a fact that
apart from inducing redox processes, change of electrode potential impacts its electrical double
layer (formed by ions adsorbed on the surface) the way that if the “electrode-electrolyte
capacitor” is charged in forward cycle, it is discharged in the reverse cycle (or the other way
around). Higher scan rate results in shorter charge/discharge time what increases the registered
current. Compared with the LSV, cyclic voltammetry allows for better characterization of the
electrochemical processes, to assess its reversibility and stability of the system (by comparing
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voltammograms in consecutive cycles), it can be also used in determining of the electrode
capacitance. Graphic representations of the potential change in time, along with a sample cyclic
voltammograms are shown in Fig. 6.3.

Fig. 6.3. (a) The dependence of the working electrode potential versus time for the cyclic voltammetry
in the E0 to E1 range. (b) A sample cyclic voltammogram: I = f(E) dependence, typical of the O2 to H2O2
reduction process on an organic catalyst (if E0 < E1). In this case, the product is not adsorbed on the
electrode surface, therefore it is constantly formed within the entire E0-E1-E0 cycle. We see it as the
constantly negative current, impacted only by the changes of the electric double layer on the electrode.
(c) A sample cyclic voltammogram, typical for ferrocene dissolved in acetonitrile. In this case, the
product of ferrocene oxidation is adsorbed on the electrode surface, therefore in a reverse cycle, as the
redox process is reversible, current values change from positive to negative.

Chronoamperometry (CA) is a technique in which the current is registered in time when
a constant (or stepped) potential is applied on the electrode. This results in the I = f(t)
dependence. Graphic representations of the current change in time, along with a sample
chronoamperometric plot are shown in Fig. 6.4.

Fig. 6.4. (a) Possible dependencies of the working electrode potential versus time for
chronoamperometry. (b) A sample result of the CA measurement, I = f(t) plot.
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Chronopotentiometry (CP) is the other method of chronoanalysis, in which the potential
is registered in time after the constant (or stepped) current is applied on the electrode. These
conditions are also called galvanostatic. As a result, we get the E = f(t) dependence.
6.6.2. Electrochemical measurements for characterization of H2O2 synthesis catalysts
In most of the papers included in this thesis, a key part of the device characterization was
performed with electrochemical techniques. Therefore, a brief summary of these measurements
for each paper is presented below. All details and description of the experimental setups can be
found in the articles.
In paper 1, we used the cyclic voltammetry to determine occurrence of electrochemical
O2 reduction on the Au/PTCDI electrode immersed in electrolytes of different pH.
Measurements were performed in oxygenated (under purging with O2) and deoxygenated (after
at least 1 h of purging with Ar) conditions. As shown in Fig. 6.5, in the presence of oxygen,
under bias more negative than -0.2 V vs. Ag/AgCl, a characteristic steep increase of negative
value of current can be seen in the entire 1 - 13 pH range, being the most pronounced at pH 1.
In the absence of oxygen, there is no such an effect, we only see a small current associated with
reversible reduction of PTCDI.

Fig. 6.5. Cyclic voltammetry of Au/PTCDI electrodes at pH 1 (a), pH 7 (b) and pH 13 (c) under
oxygenated and deoxygenated conditions, proving occurrence of the ORR process.

Electrochemical measurement by itself does not provide information about the product of
oxygen reduction. Qualitative identification of H2O2 was performed as described in Chapter
6.5, after running a chronoamperometric experiment at -0.4 V vs. Ag/AgCl for 30 min.
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Investigating the catalytic properties of PTCDI, cyclic voltammetry was also used for
estimation of the HOMO and LUMO levels of the molecule. Although ultraviolet photoelectron
spectroscopy (UPS)151 and inverse photoemission spectroscopy (IPES)152 are regarded as the
correct way to obtain absolute energy level values, electrochemical measurements usually give
similar results, but they are much easier to perform153. To be able to register oxidation and
reduction potentials of the molecule not affected by other processes, the experiment has to be
performed in deoxygenated and electrochemically inert electrolyte. For this purpose, we
immersed the Au/PTCDI sample and used it as a working electrode in the solution of
tetrabutylammonium hexafluorophosphate in acetonitrile (TBAPF6/CH3CN), which was
purged with nitrogen before cyclic voltammetry. The remaining two electrodes of the 3electrode system were Pt coil and Ag/AgCl wire as the counter and reference electrodes
respectively. Although PTCDI is not soluble in acetonitrile, its oxidized/reduced forms may
dissolve, therefore oxidation and reduction potentials have been investigated in two separate
measurements for two separate samples, as shown in Fig. 6.6.

Fig. 6.6. Cyclic voltammetry of Au/PTCDI electrodes in deoxygenated TBAPF6/CH3CN. As obtained
values (E vs. Ag/AgCl) were recalculated and plotted as E vs. NHE. Scans were performed with 10
mV/s rate.

Frontier molecular orbital energy level estimations were calculated according to formulas given
by Baran et al.154:
EHOMO = −(E onset, ox vs. NHE + 4.75) (eV);
ELUMO = −(E onset, red vs. NHE + 4.75) (eV)
Giving values of HOMO and LUMO level as -6.7 eV and - 3.9 eV respectively.
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Paper 2 consists of many different electrochemical measurements, performed with
rotating ring-disc electrode and in situ ATR-FTIR among others. These are described in details
by Evangelia Mitraka in her PhD thesis and in paper 2 itself.
In paper 3, concerning photocathodes for H2O2 evolution (PN/Au/PTCDI and
PN/Au/EPI), electrochemical measurements were performed in presence of a light source,
operated in the on-off way during the CV, CA and LSV measurements. As the ability of the
employed catalysts of H2O2 synthesis was proved before, we performed measurements only
with oxygenated solutions at pH 2, 7, and 12. In every case, cyclic voltammetry consists of two
cycles, performed with and without irradiation. The obtained voltammograms (Fig. 6.7) for
both types of photocathodes show a lack of current flow without irradiation and strong
photocurrents (up to 1100 µA/cm2) when the light is turned on. In both cases, the higher the
pH, the lower the photoresponse.

Fig. 6.7. CV measurements for the PN/Au/PTCDI (a) and PN/Au/EPI (b) photocathodes at pH 2 - 12
with and without irradiation (halogen lamp, 100 mW/cm2).

Chronoamperometric experiments have been performed at pH 2 under pulsed (15 s) irradiation
at 0 V vs. Ag/AgCl, the same bias which was used in the long experiment of H2O2
photoelectrogeneration (Fig. 6.8). The purpose of this approach is to show that the current
flowing at this bias can be attributed to the light absorption and that the systems do not suffer
from occurrence of trap states, which is proved by the lack of transient peaks at the I=f(t) plots.
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Fig. 6.8. Chronoamperometry of the PN/Au/PTCDI and PN/Au/EPI photocathodes at pH 2 under pulsed
(15 s) irradiation.

Finally, the findings were supported by linear sweep voltammetry experiments, in the -0.4 to
+0.8 V vs. Ag/AgCl range for solutions at pH 2, 7, and 12 (Fig. 6.9). Like in the case of CA
measurement, it was performed with pulsed, 15 s irradiation, showing not only that both
photocathodes are free from occurrence of trap states, but also contributing to the discussion on
possible mechanism of the oxygen reduction reaction. H2O2 can be obtained either by direct O2
to H2O2 reduction or with the superoxide intermediate HO2•, which disproportionates to H2O2
and O2. Assuming that the maximum photovoltage generated by the PN junction is 550 mV155
and that standard electrode potential of the O2 + H+ + e- reaction is -0.215 V vs. Ag/AgCl at pH
273, this reaction would not be possible under a bias more positive than 0.35 V vs. Ag/AgCl.
However, LSV plots show that the reaction onsets are 0.61 V and 0.68 V vs. Ag/AgCl for the
PN/Au/PTCDI and PN/Au/EPI photocathodes respectively. Therefore, the superoxide path is
very unlikely. This provides evidence that the 2H+/2e- reduction reaction of O2 to H2O2 is
occurring.
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Fig. 6.9. Linear sweep voltammetry of the photocathodes with 15 s light on/off cycles for (a)
PN/Au/PTCDI and (b) PN/Au/EPI. Scans were measured at pH 2, 7, and 12 with 100 mW/cm2
irradiation. Values of onset potential (OP) at a given pH are shown in the inset tables.156 Published by
The Royal Society of Chemistry.

In paper 4, concerning eumelanin as a photo- and photoelectocatalyst for H2O2
evolution, a similar approach like in paper 3 has been used. However, in this case, the
measurements were performed also with deoxygenated electrolyte. The chronoamperometric
experiment at 0 V vs. Ag/AgCl showed that the irradiation induces a faradaic process also for
the deoxygenated electrolyte, but it is much more pronounced in presence of oxygen, which is
a proof of the ORR process (Fig. 6.10). Using HRP/TMB assay like described in Chapter 6.5,
its product has been confirmed as H2O2.

Fig. 6.10. Chronoamperometry of the eumelanin/FTO photocathode under pulsed irradiation at pH 1
and 0 V vs. Ag/AgCl. Compared with the work described in paper 3, due to relatively weak
photoresponse, stronger light source (255 mW/cm2) has been used. A duration of the light pulse has
been extended to 45 s due to slower charge carrier dynamics than for the photocathodes in paper 3.
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In papers 5 and 6, concerning purely photochemical H2O2 evolution, electrochemical
measurements could not be used in evaluation of the catalyst performance towards H2O2
generation. Nevertheless, they were useful in estimation of the HOMO and LUMO levels of
the materials, which in the case of photocatalysts gives not only information about possibility
of the ORR processes but allows also for correlating photostability of the materials with their
HOMO levels. For paper 5, we used available literature values, including data for PTCDI
collected and published by us before. In paper 6, we used very similar approach like presented
above for paper 1. The difference is that the entire potential range was covered within a single
scan. In case of the soluble NDI-G, its solution in acetonitrile has been used, with Pt wire as
working electrode. The obtained plots are shown in Fig. 6.11. Values of oxidation and reduction
onsets, along with calculated HOMO and LUMO levels, are collected in Table 3.

Fig. 6.11. Cyclic voltammetry of the catalytic dyes in deoxygenated TBAPF6/CH3CN a) PDI-S b) QNCS c) NDI-G. As obtained values (E vs. Ag/AgCl) were recalculated and plotted as E vs. NHE. Scans
were performed with 100 mV/s rate, for layers deposited on gold substrates by drop casting of the dye
water solution (in case of the PDI-S and QNC-S) or for the dye dissolved in the electrolyte (in the case
of NDI-G).

Table 3. Summary of the electrochemical HOMO and LUMO level determination for the dyes used as
photocatalysts for H2O2 evolution in paper 6.

dye
PDI-S
QNC-S
NDI-G

Ox onset vs.
NHE (V)
1.33
0.83
1.46

Red onset vs.
NHE (V)
-0.24
-0.79
-0.25
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EHOMO
(eV)
-6.1
-5.6
-6.2

ELUMO
(eV)
-4.5
-4.0
-4.5

7. Methodology of H2O2 evolution
In our work we investigated catalytic properties of various materials towards hydrogen peroxide
production by electro-, photoelectro- and photocatalysis. The reaction setups and employed
solutions will be discussed separately for each of these methods. As mentioned in Chapter 3, in
general it is possible to produce H2O2 either by O2 reduction or H2O oxidation. Due to
thermodynamics of the oxidation process and requirement of high, positive potential of the
electrode, the desired transformation would be difficult to achieve with organic catalysts.
Therefore, our work is focused only on the oxygen reduction pathway.

7.1. Electrocatalysis for H2O2 evolution
Short summary of the process, performed with Au/PTCDI or PEDOT electrodes: long-term
cathodic reduction of oxygen, dissolved in aqueous electrolyte, at constant current, with
solution aliquots taken over the course of the experiment to measure H2O2 concentration and
calculate the faradaic efficiency.
In papers 1 and 2, we tested PTCDI and 3 different forms of PEDOT as catalysts,
respectively. H2O2 electroevolution by oxygen reduction was evaluated in acidic, neutral, and
basic electrolyte. For the Au/PTCDI electrode, all experiments have been performed with the
same sample. This was due to outstanding stability of the Au/PTCDI system. In the case of
PEDOT, for each of the experiments we used fresh samples, due to limited mechanical stability
of the material and its electrical contact (optimization of these parameters was out of scope of
the work). We always used the setup presented in Fig. 7.1, with two separate compartments
ionically connected with an agarose/Na2SO4 salt bridge.

_

+

i

Salt bridge

O2
H2O2

H 2O

Pt

PEDOT:PSS

O2 inlet

O2

Fig. 7.1. Two-compartment cell used for longer-term electrocatalytic H2O2 synthesis. The volume of the
electrolyte in each compartment was 22 - 25 ml.
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The solution was constantly purged with a flow of oxygen (150 ml ⋅ min-1), providing the crucial
reagent and also serving to mix the solution. Although in all cases the cathodic compartment
was open to the atmosphere, due to purging rate it is assumed that the headspace over the
solution consists of 100% O2 under the 1 bar pressure. As purging was always performed with
a stream of dry gas, it caused a partial water evaporation from the solution. The electrolyte level
was constantly monitored and if necessary, 0.5 - 1 ml of pure DI has been added. Taking of the
solution aliquots (usually every 2 h, with a night break), due to their low volume
(25 - 200 µL), did not contribute significantly to the decrease of the electrolyte level. H2O2
concentration has always been determined with the HRP/TMB assay described in Chapter 6.5.
The experiments have been performed with a Keithley 2450 Source Meter in the
2-electrode system, as such an arrangement is more common in industrial electrolyzes than the
3-electrode system. The investigated sample was always employed as working electrode
(placed in the cathodic compartment), while platinum mesh was used as a counter electrode
(placed in the anodic compartment). As the main focus was on determination of the ORR
selectivity and the material stability, we run all experiments using chronopotentiometry instead
of chronoamperometry. This made our experiments independent on changes of the electric
resistance in the solution, caused mainly by salt bridges. In our experiments, lasting up to 48 h,
especially after a few hours we usually saw gradual increase of the voltage values. Replacement
of the salt bridge brought the voltage to lower and more stable values. Therefore, for most of
the experiments fresh salt bridges have been used. In fully optimized H2O2 electrolyzes that
would not be an issue and the same samples could be probably effectively used in
chronoamperometric conditions, giving constant current for a given potential difference.
Measurement of H2O2 concentration allowed not only to track its increase but also to
determine the faradaic efficiency (FE), the parameter defined in Chapter 2.1. In our work it was
calculated using the following formula:
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Where:
n: molar amount of the desired product obtained
CH2O2: concentration of the hydrogen peroxide solution
VH2O2: volume of the hydrogen peroxide solution
F: Faraday constant (96485 C ⋅ mol-1)
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z: number of electrons gained/lost to give one molecule of the product (2 for H2O2)
Q: electrical charge passed in the system (integral of the I = f(t) dependence; in the case of the
chronopotentiometric experiment it is equal to the product of current, I and time, t)

7.2. Photoelectrocatalysis for H2O2 evolution
Short summary of the process, performed with organic PN or eumelanin-based photocathodes:
Long-term electrolysis of the oxygenated water electrolyte, under constant illumination, at
constant bias (0 V vs. Ag/AgCl) with solution aliquots taken over the course of the experiment
to measure H2O2 concentration and calculate the faradaic efficiency.
In papers 3 and 4 we tested photocathodes, based on the H2Pc/PTCDI organic PN
junction (PN/Au/PTCDI and PN/Au/EPI) or eumelanin. Although the photocathodes have been
tested with solutions of different pH (PN-based samples at pH 2, 7, 12; eumelanin-based at pH
1 and 7), long term experiments have been performed only for acidic solutions, as it gives higher
photocurrents. In photoelectrochemical measurements, we used a Redox.me MM PEC HCELL, shown in Fig. 7.2, equipped with a nafion membrane and 3 electrodes: the investigated
sample (as a working electrode, with 1 cm2 active area, delimited by the o-ring, exposed to the
catholyte), reference electrode (Ag/AgCl in water solution of KCl; placed together with
working electrode in cathodic compartment) and counter electrode (Pt coil, placed in the anodic
compartment). The experiment was controlled by an Ivium technologies Vertex One
potentiostat.

Fig. 7.2. The Redox.me MM PEC H-CELL photoelectrochemical H-cell used in all
photoelectrochemical experiments. The cathodic and anodic compartments are separated with nafion, a
proton-selective membrane, to prevent from H2O2 diffusion to the anolyte. Volume of the catholyte is
10 - 12 ml156. Published by The Royal Society of Chemistry.
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The solution was constantly purged with water-saturated oxygen (150 ml ⋅ min-1).
Compared with electrocatalytic experiments, we pumped the O2 stream through water in a gas
bubbler to limit water evaporation. This is also assured by the cell design and the fact that the
both compartments are tightly closed. Over the entire time of the experiments, samples were
illuminated from the substrate side, i.e. through the ITO/FTO. Selection of the light source
depends on the investigated material. In the case of the PN-based photocathodes, a tungsten
halogen lamp (with an additional FTO-coated glass filter to limit infrared heating) was used,
after its calibration to a light intensity of 100 mW/cm2 (1.00 sun). Working with eumelaninbased samples we switched to a white LED as a light source, of 255 mW/cm2 power. All
measurements have been performed as long (6 h) chronoamperometric experiments at 0 V vs.
Ag/AgCl bias. An important finding of our work on photocathodes is that when operating at
high current density, the process might be limited by oxygen diffusion. Working on papers 1
and 2 and performing all experiments galvanostatically, this was impossible to observe, but for
the PN-based photocathodes, the generated photocurrent (which is very important for the final
H2O2 yield) might be limited if the solution is not well-mixed, as shown in Fig. 7.3 below.
Therefore, for all experiments with the PN-based samples, the H-cell was magnetically stirred.
This was not necessary in case of the eumelanin-based photocathode, as the stirring provided
by O2 purging was strong enough for the system generating much lower photocurrent.

Fig. 7.3. H2O2 photoevolution with the PN/Au/PTCDI device at pH 7 with magnetic stirring switched
on/off in 60 s cycles. The experiment shows crucial role of the oxygen diffusion on the photocurrent
value, especially prominent for well-performing systems. For currents below 100 µA/cm2 stirring has
no impact on its value156. Published by The Royal Society of Chemistry.
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It is assumed that taking of the solution aliquots (every 1.5 - 2 h for PN-based photocathodes;
illumination and stirring were interrupted for a short time), due to their low volume
(25 - 100 µL), did not contribute significantly to the decrease in the electrolyte level. For the
eumelanin sample, the aliquot has been taken only at the end of the experiment. H2O2
concentration has always been determined with the HRP/TMB assay described in Chapter 6.5.
Just like in the electrocatalytic H2O2 evolution, using the same methodology, calculation
of faradaic efficiency has also been performed for every time point corresponding to the H2O2
measurement. In this case however, as the current was not stable and defined value, instead of
the I ⋅ t product, we used a value of the total charge passed (Qtot) at the given time of the
experiment, that is an integral of the I = f(t) function. Calculations have been performed with
Excel software.

7.3. Photocatalysis for H2O2 evolution
Short summary of the process, performed with layers of organic semiconductors or their watersoluble derivatives: Long-term irradiation of the oxygenated water solution of sacrificial
electron donor with solution aliquots taken over the course of the experiment to measure H2O2
concentration. After the experiment, content of the active material is determined for the
calculation of the turnover number.
In papers 4, 5, and 6 we investigated the possibility of photocatalytic H2O2 generation
with different photocatalysts. Whenever hydrogen peroxide was generated, it was also
associated with the chemical degradation of the material, visible as photobleaching. Therefore,
for each new experiment, a fresh sample of photocatalyst was used. We always used the simple
setup shown in Fig. 7.4, which consists of the tightly closed vial (4 or 20 ml; transparent glass)
which contained the reaction solution with photocatalyst and pure oxygen under pressure of 1
bar. Volume of the mixture was from 0.4 to 1 ml. In contrast to (photo)electrocatalytic
experiments, solutions have been purged with oxygen only before the experiment and again
each time after the vial was opened to take an aliquot of the solution. This significantly
simplifies the reaction system and solves the possible problem of water evaporation caused by
gas purging, which is especially important considering the low volume of the electrolyte and
irradiation-induced heating. Even though the setup is equipped with a fan to maintain room
temperature, thermal dissipation of light energy is unavoidable. Considering the range of H2O2
concentrations and O2 volume in the vials, oxygen consumption is neglectable, therefore a
constant active supply is not necessary. Nevertheless, as proved by the example of
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photoelectrochemical H2O2 evolution, stirring induced by a gas stream (or any other form of
solution mixing) could have positive effect on the reaction yield. This however was never tested
in our initial studies.

a)

b)

Aliquots for
H2O2 assay
1 atm O2
O2

H2O2

reaction
mixture
Solar simulator

Fig. 7.4. The setup used in photocatalytic H2O2 evolution, at the example of a dye-catalyzed process: a)
schematic, b) picture of the system during the experiment. Depending on the photocatalyst, either a
white LED (of 105 mW/cm2 light power) or violet LED (of 120 mW/cm2 light power) is used. Thanks
to the size of the light beam, it is possible to irradiate up to 4 vials simultaneously.

Apart from water and dissolved oxygen, the solution may contain HCl or NaOH (to
adjust the pH) and sacrificial electron donor, which as an easily oxidizable compound, not only
facilitates the reduction of O2 to H2O2 but also prevents the semiconductor from its
autooxidation. The photocatalyst can be employed in different forms:
•

As a layer, deposited on a piece of transparent plastic foil of the diameter equal to the
diameter of the bottom of the vial, mounted to it with silicone grease. This way
eumelanin, P3HT, EPI, and PTCDI have been investigated in papers 4 and 5.

•

As a dispersion of colloidally stable particles: EPI in paper 5.

•

As a molecular solution of dye: PDI-S, QNC-S and NDI-G in paper 6.

The advantage of using the catalyst in a form of colloidal dispersion or molecular solution is
that the theoretical ratio of number of catalytically active sites to the material volume is much
higher. In the case of catalytic layer of 100 - 200 nm thickness, most of the material cannot
participate in H2O2 photoevolution, as only the part in close vicinity of the solution is active.
Therefore, the photoreaction rates with photocatalysts deposited on the substrate are expected
to be lower.
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It is worth noting that although the methodology of H2O2 photocatalytic synthesis is
exactly the same for both the semiconductors and the dyes, the mechanism of the process is
completely different, as described in paper 6.
In case of the EPI dispersions, we noticed that the higher the ionic strength, the lower
the colloidal stability. Therefore, we decided not to use buffers and adjust the pH to a desired
value with HCl or NaOH, introducing a smaller amount of ions compared with buffers. The
same is valid for solutions of dyes, which tend to aggregate in solutions of high ionic strength.
Due to low volume of the solutions, taking of the aliquots (5 - 50 µL) may have
significant impact on the process with the materials in form of layers, changing the ratio of the
catalytic area to solution volume. Therefore, only one intermediate aliquot is taken during these
experiments. For EPI dispersions and dye solutions, as the catalyst is uniformly spread in the
reaction mixture and the light power is sufficiently high, we assume that the H2O2
photoevolution is independent on the volume of the reaction mixture.
The solution aliquots were taken mainly for the purpose of the H2O2 assay, always
performed with the HRP/TMB method described in Chapter 6.5. In the case of dye solutions, it
allowed also measurement of absorbance, photoluminescence, and light scattering during the
process, as described in paper 6. Although the aliquot after these assays is not changed and
could be returned to the reaction mixture, for the sake of time efficiency, we did not do so.
Therefore, the irradiation experiment could be continued while the measurements were
performed.
In contrast to electrocatalytic and photoelectrocatalytic experiments, the organic
materials we tested always degraded during photocatalytic experiments. Therefore, the
important part of their investigation is to determine the degree of the material loss. Considering
that all of the used materials are pigments, the most convenient method is UV-Vis spectroscopy.
In the best-case scenario, we can simply measure absorbance of the layer/dispersion/solution at
the given wavelength before and after the measurement and calculate the molar amount of the
remaining catalyst. However, this is hampered by many factors. First of all, nanocrystalline
films of organic pigments may undergo light-induced polymorphic transitions. This changes
their optical properties, which can be observed as a change of the absorption spectrum features.
Therefore, direct measurement of the absorption leads to incorrect results. In case of the EPI
dispersions and the dye solutions, the other issue is aggregation of the material. Optical
properties of the aggregated mixture might be significantly different. Therefore, to be able to
rely on the UV-Vis spectroscopy for determination of the material concentration, the material
needs to be turned into a molecular solution. Although this can be done relatively easily in case
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of P3HT (soluble in chloroform) and EPI (soluble in DMSO), it is difficult to perform with
PTCDI, insoluble in any conventional solvent. We addressed this issue by dissolution of the
material in concentrated H2SO485, which is inconvenient to work with, but allows for reliable
determination of the PTCDI content. The same approach was also applied in case of the dye
solutions. Although the aggregation problem could be probably solved by long sonication at
elevated temperature, it was simply easier to evaporate water completely and change the solvent
to H2SO4. Apart from time efficiency, this approach has another advantage. For pigments, in
the vast majority of cases, they degrade to products which do not absorb light above 400 nm,
which can be seen as a colorless H2O2 solution and no changes in the normalized spectra of the
material dissolved in H2SO4. However, in the case of dyes, sometimes spectra of water solution
of a dye and their degradation product overlap. Therefore, even if a dye remains in its molecular
form, its quantification by the absorbance measurement might be impossible. Fortunately, the
H2SO4 dissolution of the solid residue after water evaporation from the reaction mixture, shifts
the λmax of dyes by 50 - 100 nm towards higher wavelengths. This effect is selective for the
dyes and does not occur for their degradation products, what results in consistency of the
absorption spectra with the references, obtained for unused materials.
The data collected this way allowed for calculation of the molar amount of degraded
material during the reaction. Based on these values, we could directly estimate the relative
stability of given material in different conditions (pH, sacrificial electron donor). To be able to
compare the results obtained for different materials, for each of them we calculated the turnover
number (TON). This figure-of-merit, frequently used in catalysis157, states how many molecules
of the substrates are converted by a single molecule of the catalyst before it gets inactivated. In
our study we associated the H2O2 evolution efficiency with degradation of the materials, using
the following formula for calculation of the TON:
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8. Concluding remarks
The aim of this thesis was to investigate the possibility of using organic electronic materials in
environmentally friendly production of hydrogen peroxide, using oxygen and water as primary
substrates. Thanks to our efforts, shown in papers 1 - 6, we conclude that organic electronic
materials: conducting and semiconducting polymers and small-molecule semiconductors of all
types (p, n, and ambipolar) can be used in electro-, photoelectro- and photochemical synthesis
of H2O2. There are many advantages of these approaches, but as of now, the existing limitations
need to be overcome before they can be an alternative to current industrial processes of
hydrogen peroxide production or be applied in medicine.

8.1. Advantages of H2O2 synthesis with organic electronic materials
In the papers 1 and 2 we investigated the possibility of electrocatalytic H2O2 synthesis, proving
that the process works in a wide pH range and that the catalysts are chemically stable. Just like
in current industry practice, this could be a useful alternative to the anthraquinone process
whenever diluted water solution of H2O2 is necessary. It might be also used in accumulation of
solar energy, assuming that the electrolyzer is powered by sunlight. In addition, there is a
possibility of implanting the materials as electrodes for in vivo generation of hydrogen peroxide.
Our efforts presented in papers 3 and 4 show that efficient photoelectrocatalysis with
electrodes based on organic pigments is also possible. As hydrogen peroxide obtained this way
might be used for generation of electricity, this can be an interesting approach for
electrochemical energy storage. Compared with sunlight-powered electrocatalytic process,
where the current generated by the PV needs to be adjusted to the values suitable for the process,
the design of the photocathode-based system is much simpler. Although efficiency of the
eumelanin photoelectrodes is less promising, our findings contributed to better understanding
of the physical chemistry of melanins.
We also demonstrated, in the form of papers 4, 5 and 6, that organic semiconductors (or
their water-soluble derivatives) of all types can be applied in photocatalysis for H2O2 evolution.
The advantage of such a method is that the reaction setup is simple and consists only of the
material, water, and oxygen. The generation of hydrogen peroxide requires only the addition of
light. Even though in the case of the materials we investigated, presence of the sacrificial
electron donor is also essential, the approach is still feasible and might be very useful in all
fields of medicine and biology, where light-induced in situ H2O2 synthesis is desired.
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Common features of all the above, apart from environmentally friendly reagents, is that
H2O2 synthesis is catalyzed by organic electronic materials. They have several advantages over
inorganic materials, such as:
•

good mechanical properties (e.g. flexibility);

•

methods of their synthesis and deposition usually do not require high temperatures;

•

physical properties, such as band gap, can be modified with chemical synthesis;

•

in most cases they are based only on abundant elements: C, O, N, S. Therefore,
compared with devices made of e.g. gold, are potentially much cheaper.

8.2. Limitations of H2O2 synthesis with organic electronic materials and
future work
Despite advantages listed in the section above, there are also many limitations and problems
related with the methods described in this thesis. First of all, some of the materials presented in
our papers are not stable in the conditions used for H2O2 evolution, either mechanically (like
PEDOT in some conditions), physically (aggregation of the dyes during the photoreaction) or
chemically (degradation of photocatalysts). These problems can be potentially solved,
switching to different organic electronic materials, such as other forms of PEDOT, dyes with
more water-solubilizing groups incorporated, or materials with lower HOMO and LUMO
levels. Selectivity of the O2 to H2O2 reduction also needs to be improved, especially aiming for
an alternative to the anthraquinone process of hydrogen peroxide synthesis. In case of both
catalysis and electrocatalysis, faradaic efficiency should be always over 90% despite
accumulation of the product in the solution. For better energy efficiency, we need to look for
materials which would lead to H2O2 (photo)electroevolution with lower overpotentials. To
maintain the low cost of the entire devices it is important to avoid any expensive components,
also if they are used only as substrates. Therefore, gold and ITO substrates should be replaced
with other materials of higher abundance, e.g. copper or aluminum.
The photocathodes shown in the paper 3 need further optimization of not only the
photocurrent value but also stability. Possibly, this problem can be solved by implementing
other organic pigments, such as metal-containing phthalocyanines. Assuming that it could
result also in more efficient tandem architecture, the goal of the photoelectrolyser operating
efficiently without necessity of the external bias is also achievable.
The main limitation of the photocatalytic approach, apart from poor stability of the
materials, is necessity of using sacrificial electron donors. As the ultimate goal is the stable
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system which reduces O2 to H2O2 at the cost of water oxidation, we need to look for the
materials able to catalyze this process. Aiming for bio-applications of photocatalytic H2O2
generation, optical transparency of the tissues needs to be taken into consideration158, therefore
the organic pigments and dyes employed should be of even lower band gap to be able to absorb
red light. If it cannot be achieved without providing full resistance to photobleaching, the
resulting degradation product should at least not be toxic.
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