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Abstract 

 

This PhD thesis has been focused on two main themes related to solar energy 

exploitation for solar fuels and electricity production. Essentially, this thesis has 

been devoted to the study of two different kinds of photoelectrochemical cells 

(PEC). 

In fact, there are two basic categories of PEC cells: photo-electrosynthetic cells, 

which include PEC water splitting, and regenerative PEC cells. The latter 

include the well-known dye-sensitized solar cells (DSSCs), in which redox 

couples such as I−/I3− collect the photogenerated charge carriers at the surface 

of semiconductors and perform the opposite redox reaction at a counter 

electrode to generate electricity.1 

The first type, that was the main focus of this work, has been extensively studied 

broaching several issues, aiming to a so called “artificial leaf”, a prototype where 

artificial photosynthesis can take place generating fuels (hydrogen) starting 

from water and sunlight. As it is widely known, in the near future we will have 

to limit exploitation of fossil fuels for transport and energy production, both 

because of their shortage and their dramatic effects on pollution, so research has 

to focus on clean and cheap renewable energy sources. The main limitation 

related to current renewable technologies is that they usually generate 

electricity, and stocking electric energy is a difficult task. A further limitation of 

photovoltaic panels is the intermittent production of energy, obviously 

connected to day and night cycles and to weather conditions. The development 

of a system capable of producing solar fuels using sunlight is thus demanding. 

Solar fuels are molecules that can be synthesised through a photo-activated 

process and that can be easily stocked and released when needed. Such a system 

is called an “artificial leaf”, since its working principles are the same of natural 

photosynthesis, that enables oxygen and carbohydrates production from water 

and CO2. In particular, the aim of the device that has been studied during this 
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thesis was to carry out the water oxidation process, that means producing 

oxygen and protons from water and light thanks to a photosensitized 

photoanode. Protons are then reduced to hydrogen by a passive cathode. 

In parallel, an established technology of PEC has been employed for the 

production of solar electricity, namely Dye Sensitized Solar Cells (DSSC). In 

particular, the attention has been focused on the electrolyte composition, 

substituting the commonly used electrolyte solvent, based on volatile organic 

compounds, with eco-friendly and innovative solvents. 

In fact, one part of this PhD project has been devoted to the study of dye-

sensitized solar cells containing eco-friendly solvents in the electrolyte solution, 

namely Deep Eutectic Solvents (DES). Traditional organic solvents used for this 

scope (usually nitriles mixtures) have many drawbacks, such as volatility and 

often toxicity. This can be a problem if the cell is not perfectly sealed, because it 

would involve toxic vapours in the environment and also a fast deterioration of 

the performance of the cell, that cannot work without the liquid electrolyte. DES 

instead are not volatile and can be produced from many different components, 

generally safe and cheap, that confer to the resulting solvent different properties, 

that can be widely tuned according to the specific need.  

Two different DES have been studied, a hydrophilic and a hydrophobic one 

(respectively, a mixture of choline chloride, also known as Vitamin B4, and urea, 

diluted with water, and a mixture of DL-menthol and acetic acid, diluted with 

ethanol) with proper dyes absorbed onto TiO2. Many variables have been 

considered, such as different TiO2 precursors and layer thickness, different 

iodides (both inorganic and ionic liquids, IL), different ions concentration, 

presence of additives and of disaggregating agents.  

The efficiency of the optimized cell was 1.9% at 0.5 sun for the hydrophilic 

system and 2.5% at 1 sun for the hydrophobic solvent, compatible with 

traditional organic-solvent-based cells. 
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Concerning the production of hydrogen from the artificial photosynthesis 

process, metal-free organic sensitizers with di-branched configuration, bearing 

different heteroaromatic donor moieties, have been used in a systematic study 

upon the effect of the sensitizers at the photoanode in the photoelectrochemical 

hydrogen production. Namely, phenothiazine, phenoxazine and carbazole 

based dyes have been tested in presence of a sacrificial electron donor (SED) to 

evaluate charge transfer phenomena and the external quantum efficiency (EQE) 

of the system. Moreover, the three sensitizers have been tested in presence of a 

common water oxidation catalyst (WOC) to preliminary evaluate the stability in 

photoelectrochemical water splitting and hydrogen and oxygen evolution. 

According to experimental data, the phenothiazine based derivative PTZ-Th 

has been recognized as the best performing sensitizer, considering its superior 

light harvesting capability and more efficient electron injection into the 

semiconductor, in photoelectrochemical water splitting.   
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1 Chapter 1: Introduction 
 

1.1 Energy: an issue for the near future 
 

Contrary to what is commonly believed, our current lifestyle is the result of the 

cheap price we pay for energy, as it will be showed later in this chapter. But 

energy is also one of the biggest issues that has to be broached in the near future. 

In fact, nowadays energy is mainly derived from oil and other not renewables 

sources, but these sources are going to be depleted and, most importantly, are 

responsible of the global warming that is destroying so many ecosystems. 

Burning any carbon-based fuel unavoidably produces carbon dioxide, that is 

known for being responsible of the greenhouse effect. Nonetheless, it is possible 

to have a global “zero carbon footprint” combustion: for example, if wood is 

burnt, CO2 is released, but it is the same CO2 that the plant has stored during its 

life. In this case, the net CO2 contribution to the atmosphere is zero. The problem 

arises when fossil fuels are burnt. Fossil fuels are the result of the fossilization of 

wood and other natural organisms living over 100 million years ago, so that the 

CO2 they contained has been fixed as a solid, liquid or gas (coal, oil and natural 

gas). When these materials are used as a fuel, the CO2 is released in the 

atmosphere and, considering also the deforestation ongoing all around the 

world, our planet is not able to process and store it anymore. This correlation 

between the use of fossil fuels and global warming is clear if we look at plots 

showing the mean temperature and the CO2 concentration in the atmosphere: 

they show the very same trend (Figure 1.1). Even if fossil fuels were 

inexhaustible sources, it is compulsory to find alternative ways to produce the 

energy we need to maintain our lifestyle, otherwise we are going to destroy our 

planet, and finding another one to live in would be even more difficult.  
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Figure 1.1. Left: atmospheric carbon dioxide concentrations in parts per million (ppm) for the past 800 

000 years, based on EPICA (ice core) data. The peaks and valleys in carbon dioxide levels track the coming 
and going of ice ages (low carbon dioxide) and warmer interglacials (higher levels). Throughout these 

cycles, atmospheric carbon dioxide  was never higher than 300 ppm; in 2016, it reached 402.9 ppm (black 
dot). NOAA Climate.gov, based on EPICA Dome C data (Lüthi, D., et al., 2008) provided by NOAA 

NCEI Paleoclimatology Program. Right: global monthly mean CO2 since 1980 from NOAA. 

1.1.1 Energy: how much of it is really necessary? 

Along history, humankind has experienced very different energy consumptions, 

so that energy can be considered strictly linked to social development. 

In fact, at the very beginning a man could consume only the energy from food 

to survive, that is around 2000 kcal per person per day. Then, when primitive 

men became hunters and gatherers, they required around 5000 kcal per person 

per day considering food and heat to cook it, and when they started using 

animals for agriculture and hard works their requirement doubled (primitive 

agriculture) until reaching 20 000 kcal per person per day in advanced 

agriculture societies, due to improvements in agriculture and to growth of crafts, 

commerce and cities. Then industrial revolution started, so at first 60 000 kcal 

per person per day were spent, and in modern industry this value has doubled, 

thanks to mechanized farming, energy-intensive industries, and affluent 

lifestyles. In some nations this consumption is even higher, that is to say 250 000 

kcal pro capita in the USA and Canada.2 

Is such a high energy demand really indispensable to have a good lifestyle? 

There is a very wide spread in the energy consumed in the different countries of 

the world, so the question to understand where the need finishes and the waste 

starts naturally arises.  
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There are many parameters that can work as an indicator of the quality of life; 

among them it is possible to choose as an example the infant mortality. An high 

value means little food, little water and a poor health service, and if hospitals 

and food are not enough and people cannot be properly cured the quality of life 

is bad, so the lower this value the better the expected lifestyle. In Figure 1.2 the 

infant mortality is reported versus the annual energy consumption per capita 

expressed in toe (ton of oil equivalent), that is a unit of energy defined as the 

amount of energy released by burning one ton of crude oil. It is approximately 

42 GJ, 10 Gcal or 11.63 GWh. As expected, developing countries usually show a 

very high infant mortality, while developed ones have a near-zero value. The 

interesting data in this graph arises when looking at the x-axe: over a certain 

value of consumption, around 3 toes per year, the mortality does not grow 

anymore, and instead it can even increase in some cases. An optimal 

consumption value can thus be defined as 2.8 toe per year, about 77 000 kcal per 

person per day.3 As suggested by these data, an higher consumption does not 

mean a better quality of life, it is just an unmotivated waste of our precious 

energy, often allowed by its extremely low price in some countries (USA, Saudi 

Arabia, Qatar). Finally, the last obvious consideration that can be made is that 

there are enormous differences in energy availability around the world, often 

reflecting the socio-economic conditions of different countries. Such a big 

inequality can be a destabilizing factor in international equilibria, since it is 

intuitive that anybody living with very little energy will try all his best to 

improve his living conditions, through migrations as it is already happening or 

even through wars. Solving the energy issue is thus not only a challenge to be 

broached for science sake, but also for a future of peace and equality. 
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Figure 1.2. Infant mortality versus per capita annual energy consumption of selected nations. Reproduced 

from Ref. 3 with permission from Wiley. 

 

An example of unmotivated energy waste is linked to food waste, another 

consequence of consumerism and loss of care for our planet, that also implies a 

waste of cultivated land, irrigation water and pesticides, and a useless evolution 

of methane in landfills. In fact, 10% of U.S. energy is used to make food available, 

such as for packaging, refrigeration, agriculture, transport and sale,4 and the US 

Department of Agriculture estimates that between 30 and 40% of food is thrown 

away from the farmer to the consumer: this means that 3-4% of US energy is 

wasted too.  

1.1.2 Energy producing other energy (EROI) 

It is intuitive that energy is needed to produce any device, and this is also true 

when speaking about energy producing devices. So, to produce new energy 

some energy is needed. There is a parameter indicating how much the process 

is efficient, and it is called Energy Return On Investment (EROI).5 EROI is a 

unitless ratio, defined as the ratio of the gross energy output over the operating 

lifetime for an energy supply system, and the sum of the energy for 

manufacture, construction, operation and maintenance, decommissioning and 

disposal/recycling during the system’s project life-cycle. A related concept to 
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EROI is that of net energy, defined as the difference between the energy acquired 

from a given source (gross energy, Eout) and the energy used to obtain and 

deliver that energy (Ein), measured over a full life cycle: 

 

𝐸𝑅𝑂𝐼 =
𝐸&'(
𝐸)*

 

𝑛𝑒𝑡	𝑒𝑛𝑒𝑟𝑔𝑦 = 𝐸&'( − 𝐸)* = 𝐸&'((1 −
1

𝐸𝑅𝑂𝐼
) 

 

An high EROI value means that just a small amount of energy has to be used to 

produce a very big amount of new energy, and this usually means that energy 

price is low. Considering 0.38 €/L the present crude oil price, it is cheaper than 

many natural water or soft drink bottle, and even considering 1.60 €/L the price 

for petrol (taxed over 65%), it is still less expensive than the price of some 

expensive famous brand water bottles (for example, Perrier water price is over 

3 €/L). It is thus clear that a high demanding lifestyle like the one we are used 

to is possible only with high EROI energy sources and the low price we pay for 

them.3  

In Figure 1.3 EROI and net delivered energy are reported for different energy 

sources. 
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Figure 1.3. Relationship between net delivered energy and decreasing EROI. A qualitative indication of 

net energy obtainable from some selected energy sources or technologies is shown. The grey portion 
represents the energy to be reinvested to convert primary energy into usable energy. Reproduced from Ref. 

3 with permission from Wiley. 

It is possible to see from the plot that till around an EROI of 10 just a small 

percentage of energy has to be reinvested to produce other energy, then there is 

a deep drop and more and more energy is required while a small amount of it 

is produced.  

Of course, the EROI value for the same energy source can change over time, for 

example EROI for oil in the USA has declined from about 20 in 1970 to about 11 

in 2013, and EROI for source of oil difficult to extract (ultra-deep-water, oil shale) 

is even lower. An opposite trend should be observed for developing 

technologies, such as photovoltaics (PV): the higher the efficiency, the more 

power can be delivered and so the higher the EROI. PV is already in a good 

range, in fact in the last decades the price for PV energy has dropped and it is 

now competitive with other sources. The worst source from this plot seems to 

be hydrogen made with PhotoElectrochemical cells (PEC), but it should be 

emphasized that this is a completely new technology, with all the limitations of 

emerging technologies. An improvement can be expected for sure when more 

and more examples of this devices will be available, so the present very low 

EROI should not be seen as a limitation but as a stimulus to focus research in 

this field. 
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1.1.3 Looking for clean energy 

It is clear that energy is essential to live in acceptable conditions, but it is 

mandatory to produce it in a clean way to avoid pollution and a further increase 

in global temperature. Renewable energy exists since long ago, wind mills and 

water mills can be considered one of the first examples, but also electricity has 

been produced since the XIX century employing water. The first hydroelectric 

plant was put into operation on September 30, 1882 at Appleton, Wisconsin, 

with an output of 12.5 kW. It was called the Vulcan Street Plant and it was the 

first Edison hydroelectric power plant. Later on, many other plants were built, 

and Italy hosts many of them. Besides water, there are other sources for clean 

energy, such as sun, geothermical, wind, and many of them would be enough 

to cover the global energy need. 

Figure 1.4 sketches the potentially available energy for each renewable source 

and the technically exploitable portion with the present technology. In that plot, 

the current primary energy consumption has been assumed as 1, and energy 

sources have been calculated as multiples of it.6 
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Figure 1.4. Schematic representation of the relative amounts of potentially available (light colour) and 
technically exploitable (dark colour) renewable energies, compared to the world current primary energy 

consumption assumed as 1. Solar energy bars have been reduced to 1/10 for better readability. 

The plot clearly shows that it would be possible to rely on renewable sources 

alone even today, since either wind and solar energy would be enough to fulfil 

our needs; other sources instead could be interesting with an improved 

technology to collect them.  

The most promising energy source is sun, since the power coming from it is 

orders of magnitude higher than our needs, even considering that they are going 

to grow in the future due to the developing countries demand (in the last decade, 

the global primary energy consumption has grown at an average 2.1% per 

year).7 According to British Petroleum, in 2014 the average rate of consumption 

has been 17.2 TW, while 90 PW are coming from sun on Earth’s surface every 

year, so it would be enough to cover 0.16% of Earth with 10% efficient solar 

panels and our needs would be satisfied.8  

Unfortunately, at present, renewable energy has just a small share in the world 

energy production. Figure 1.5 shows data about the global final energy 
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consumption: the biggest part is generated by fossil fuels, renewable energies 

account for the 10.4%, and solar power is just a small portion of that percentage. 

The good news is that during 2017 the total capacity of photovoltaics (PV) 

increased by nearly one-third, going from 302 GW to 404 GW,9 mostly thanks to 

new installations in China (50% of the market) and India. Developing countries 

investing in this technology is a good hint of their will to satisfy their energy 

demand without increasing pollution and CO2 emissions.  

 
Figure 1.5. Estimated renewable share of total final energy consumption, 2016, from REN21 Global 

Status Report, 2018. 

One of the drawbacks of PV energy is that its production is discontinuous, i.e. 

PV panels do not work in the night and in cloudy days, and another one is that 

electricity storage is not straightforward. At present, these limitations are 

overcome by using batteries to directly store electricity and electrolysers to 

transform electricity in solar fuels such as Hydrogen. Both these solutions mean 

a further transformation of solar electricity in another device, and this means an 

efficiency loss for the whole process from sun to energy storage. A more efficient 

way to obtain the same result would thus be a single device that transforms solar 

light in solar fuels, exactly as it happens in natural photosynthesis, where leaves 

transform light and water in carbohydrates for plants feeding. This process is 
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called artificial photosynthesis and, even if at present time its efficiency is very 

low, it is a very promising technology for the future. 

In this work both the traditional solar cell approach and the innovative artificial 

photosynthesis one have been afforded, in order to have a wider view of eco-

friendly and green solutions for the energetic issue. 
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1.2 Photovoltaic energy 
One fifth of the Total Final Energy Consumption in 2015 was constituted by 

electricity, and very interestingly 25% of it was produced from renewable 

sources. The biggest part came from hydroelectric plants (16.4%), then from 

wind, from Bio-power and 1.9% came from solar photovoltaic (PV).  

PV is a very promising technology that could potentially fulfil high energy 

needs thanks to the very high amount of solar energy hitting Earth everyday, as 

it was stated in the previous section. 90 PW of solar light arrive every year on 

almost every part of the Earth, so that electricity could be produced anywhere 

without the limit of geographic concentration of fields, as it happens with oil, 

with solar plants where needed. This widespread distribution of an energy 

source would avoid wars and almost monopolistic price variations, if cheap and 

abundant-materials-based solar panels were employed. 

Sun has an emission spectrum that can be approximated with a 5800 K black-

body, but its spectrum recorded on Earth surface is different: some wavelengths 

in fact are absorbed by our atmosphere, mainly by O2, H2O, N2, CO2 and O3, that 

cuts off the biggest part of the UV portion; furthermore, particulate present in 

the atmosphere scatters light, particularly the higher frequency blue light 

(Figure 1.6). 

Figure 1.6. Solar spectrum at the sea level compared with the one outside atmosphere and the black-body 
emission one. From Krondratjev, K Y., Radiation in the Atmosphere, Academic Press, New York, 1969. 
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Of course, these effects are different according to the thickness of the atmosphere 

that sunlight has to cross, that is lower if it comes perfectly perpendicularly to 

the ground (Zenith angle = 0°, at the Equator) and increases depending on the 

latitude, and in the same place it varies with time of the day and with seasons.  

In order to have a standard indication for the solar spectrum at a certain latitude, 

air mass coefficient (AM) has been introduced, and it is defined as follows: 

𝐴𝑀 =
𝐿
𝐿9
=

1
cos	 𝑧

 

where L is the path length through the atmosphere, L0 is the zenith path length 

(the path normal to the Earth surface) and z is the zenith angle in degrees. 

Outside the atmosphere the AM is set equal to 0, and it is used to characterize 

devices that have to work in spatial applications such as on satellites. AM 1 

means that z = 0°, so it represents the solar path at the Equator. The most used 

AM value is 1.5, since it is the standard to characterize solar cells working in 

temperate latitudes, and it corresponds to z = 48.5° (just to give an idea, Italy lies 

between 35° N in Lampedusa and 47° N in Alto Adige, while Europe spreads 

from 34° N in Gavdos, Greece, to 71° N in Knivskjellodden, Norway). At that 

latitude, AM is lower that 1.5 in summertime, but it is higher at dawn and sunset 

and in winter, so 1.5 is an average over the year.  

Varying the AM, also the power density reaching the ground changes: at AM 0, 

the power density is 1367 W m-2, while at AM 1.5 it is 1000 W m-2.10 In this way, 

between 1000 and 2000 kWh hit every square meter of our planet every year, 

and even low-efficiency solar panels could produce current enough to fulfil a 

high percentage of our power needs.  

 

1.2.1 Photovoltaic overview 

 

The French physicist Edmond Becquerel first discovered the photovoltaic effect 

in 1839 while studying electrolytic cells. In 1883 the American inventor Charles 
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Fritts built the first solar cell, consisting of a junction of selenium and gold, with 

a 1% efficiency. To have a significant growth in efficiency and thus commercially 

applicable solar cells it was necessary to wait until the ’50s: in 1954 at Bell Labs 

the first silicon solar cell with a 6% efficiency was announced,11 and from then 

efficiency kept on growing and many other materials have been investigated. 

Technologic improvements allowed a dramatic decrease of solar panel cost: the 

price of silicon solar modules in 1977 was 76 $ per watt, while in 2018 it is only 

0.27 $ per watt.12 

It is possible to divide solar cells into three generations, according to different 

degrees of technological advancement and their availability in terms of costs and 

materials. The first and the second generations employ inorganic semiconductor 

materials; the first generation is constituted by both monocrystalline and 

polycrystalline silicon based solar cells that were firstly studied and 

commercialized and they are the most widespread installed even nowadays 

since they are very efficient (around 15% efficiency) and very stable (usually 

they have a 25-years-long life). Thin-film devices instead belong to the second 

generation, they require smaller quantities of active material than standard 

silicon cells to reduce costs and use both amorphous silicon and different 

semiconductors, such as CdTe and CIGS (Copper Indium Gallium Selenide), the 

efficiency is a little lower (10-15%) but, since the active layer is very thin, they 

can be a little bit flexible; unfortunately, the production includes expensive steps 

(such as high vacuum deposition) and they contain scarce and toxic elements, 

so that they have a limited market. The most recent types of solar cells are 

included in the third generation, that comprises several devices, both organic 

and inorganic. The inorganic ones are mainly expensive high performance 

experimental multi-junction solar cells which hold the world record in solar cell 

performance, that can be applied only in solar concentrators or in spatial 

applications due to the high cost. The other solar cells belonging to the third 

generation instead aim to give a low cost and often portable solution to produce 
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energy everywhere and comprise organic solar cells (OPV), dye-sensitized solar 

cells (DSSC), perovskite solar cells (PSC), quantum dot solar cells and also 

multijunction of these novel categories with silicon solar cells, for example. At 

the research level there are institutions that certify the advancement in efficiency 

reached for each existing technology of solar cells; a commonly used example is 

the NREL chart published by the US National Renewable Energy Laboratory 

(Figure 1.7).13  

 
Figure 1.7. Efficiencies of certified best cells in research conditions from National Renewable Energy 

Laboratory (NREL) updated to 2018. 

This work will focus on DSSCs since the research group had already gained the 

know-how both for the synthesis of dyes and for the device assembly. It is worth 

noting that, even if DSSC efficiency is lower than c-Si one, they have a big 

advantage, that is the possibility to work even in low-light environment. In fact, 

while silicon solar cells efficiency is very low when light intensity is low, DSSCs 

efficiency remains the same or it can even increase (Figure 1.8).14-15 The main 

possible application for this technology is in fact for indoor solar panels, for 

example to supply energy to IoT (internet of things) devices. 
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Figure 1.8. Graph of the efficiency of DSSC modules optimized for indoor applications in comparison with 

crystalline and amorphous silicon. From Fujikura catalogue (www.fujikura.co.uk/products/energy-and-
environment/dye-sensitized-solar-cell).  

The history of DSSCs dates back to the early ‘80s when the first dyes-sensitizers 

in the form of organometallic ruthenium complexes with bi-pyridines bi-

carboxylated were used to activate the titanium oxide16 and their development 

continued in the second half of the ‘80s using ruthenium complexes with three 

bi-pyridines bi-carbossilate.17 A milestone was the famous publication on 

Nature magazine in 1991 from Brian O’Regan and Michael Grätzel, where they 

presented for the first time a photovoltaic device based on titanium dioxide 

functionalized with a trimeric ruthenium complex using bi-pyridines bi-

carboxylated as ligands.18 Since then, various complexes of ruthenium have been 

tested and, in 1993, Grätzel reported as sensitizers a series of mononuclear 

ruthenium complexes, the best performing of which was N3, where ruthenium 

shows two thiocyanate ligands and two bi-pyridines substituted in position 4, 

4’ with carboxylic acid units.19 Carboxyl groups are very important because they 

allow the anchoring of the dye to titanium dioxide and for their conjugation to 

the pyridine groups. In the ground state electron density is concentrated onto 

the metal center, but in the excited state, resulting from the absorption of 

electromagnetic radiation, such density is concentrated on carboxylate groups 

linked to TiO2. The thiocyanate groups are electron-donors which increase the 

absorption coefficient of the complex. Nazeeruddin and coworkers have tested 

different forms of protonated N3: N712 has four carboxylate groups with tetra-
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butyl ammonium salt, N719 has two carboxylate groups and two carboxylic 

acids.20-21 The carboxylic acids allow a better anchorage of titanium oxide and 

higher current, but carboxylates increase the voltage of the cells. Up to now, the 

best performing cells with ruthenium complexes make use of N719 dye and the 

redox couple I-/I3- as the electrolyte (12% efficiency). It is now normal practice 

for each new tested dye, to use N719 as reference. Changes on the molecular 

structure allowed synthesizing many other photo-sensitizers. For example it 

was synthesized the Z907, in which a bi-pyridine bi-carboxylate substituent is 

replaced by a nonyl-4,4’-bipyridine.22 The presence of alkyl hydrophobic chains 

makes the molecular structure more stable. The cell constructed making use of 

hexa-decyl-phosphonic acid as co-absorbent showed efficiency around 7%, 

which is also maintained when subjected to thermal stress. The structure of the 

two references dye, N719 and Z907, is shown in Figure 1.9.  

 
Figure 1.9. Structure of the two references dye, N719 and Z907, presented by Nazeeruddin in 1999 and 

Wang in 2003. 

With the aim of improving the optical properties of such complexes, in the 

following years, many new ruthenium-based complexes have been synthesized, 

in which one of the two bi-pyridine ligands has been replaced with more 

conjugated systems. All these derivatives have showed improved optical 

properties, but lower efficiencies than those obtained with the reference dyes.23-

28 

Also metal free organic dyes have been deeply investigated. These new dyes 

with a dipolar donor-acceptor molecular structures such as D-π-A, in which the 
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acceptor is also linked to the anchoring group that is generally a unit vinyl-

cyano-acetic. As donor groups, different electro-rich donor moieties have been 

investigated and different π-spacers have been bonded on each. As for the latter, 

generally the most efficient are the thiophenic or poly-thiophenic ones. Among 

the different investigated donors groups, the most performing were found to be 

coumarin, indolines, tetrahydroquinoline, carbazoles, dialkylaniline, and 

especially triphenylamine. Further structural modifications, followed by an 

optimization of the devices have allowed obtaining results comparable with 

those of the organometallic reference dyes.29-34 The literature on these 

compounds is very extensive (Figure 1.10), since it is simple from the synthetic 

point of view to obtain a great variety of molecules. In particular, using as 

spacers 3-hexyl-thiophen unit, a 8.5% efficiency has been obtained.35 The best 

efficiencies with organic dyes using triphenylamine as donor group have been 

obtained with alkoxy-triphenylamine linked to thieno-thiophene spacers. In 

particular, the C217, in which a tri-phenylamine is conjugated to a EDOT and a 

thieno-thiophene, has allowed a record efficiency of 9.8%.36  

 
Figure 1.10. Examples of linear organic dyes. 

More recently, Abbotto and co-workers have published a major work on a new 

class of multibranched triphenylamine based derivatives.37 These derivatives 
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present a structure of the type D-(π-A)2, where a single triphenylamine donor is 

connected to two conjugated π-spacers and, as a result, two anchor groups. This 

configuration allows to obtain a longer time stability compared to the 

corresponding linear system. Another important development of this class of 

compounds was subsequently proposed by synthesizing a system in which the 

two branches exhibited different structures connected to a more complex donor 

centre with the objective of improving the optical properties.38-39 The validity of 

this approach (Figure 1.11) has been demonstrated by many other works 

published in the following years.40 

 
Figure 1.11. Examples of multibranched organic dyes. 

After such a strong development of sensitizers, the focus has shifted to the 

development of the device to make it more commercially attractive. Indeed, a 

weak point of traditional DSSC technology not to be neglected is the presence of 

a liquid electrolyte containing iodine. Up to now, such an electrolyte is the best 
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redox mediator in order to obtain high efficiencies. There have been some 

attempts to replace iodine with more efficient redox systems such as the redox 

couple Co2+/Co3+ with which, using a zinc porphyrin YD2-o-C8, Yella and 

coworkers have reached and exceeded the previous record efficiency bringing 

the value 12.7%.41 Hanaya and coworkers hold the current record efficiency 

reported in literature of 14.7% using a cosensitized photoanode with an 

alkoxysilyl-anchor dye ADEKA-1 and a carboxy-anchor organic dye LEG4 in 

presence of a cobalt based electrolyte.42 This outstanding result, however, was 

not enough to push the commercialisation of this type of devices because, once 

again, made with sensitizers with a complex synthesis and in the presence of a 

liquid electrolyte particularly toxic due to the presence of cobalt salts. In order 

to make these devices attractive to the market, it was necessary to develop solid 

state systems, thus eliminating the risk related to the presence of electrolytes 

containing solvents and toxic or corrosive components,43-44 or to develop new 

eco-friendly electrolytes, for example using water as a solvent. At the beginning 

of studies on DSSCs, water was seen as a poisoner to be completely avoided 

because it was considered to be responsible of the performance decay of cells 

along time, even if in the ‘80s it was a commonly used solvent in DSSC ancestors 

(also the aforementioned work from Grätzel of 1988 used a water based 

electrolyte). A study from Lindquist in 1998 verified the effect of water 

contamination in a iodine-based organic electrolyte solution and proposed some 

hypothesis: water could coordinate with the TiO2 surface Ti atoms, thus limiting 

the I3- recombination with TiO2 conduction band and increasing the open circuit 

voltage (Voc), but at the same time water significantly reduced the short circuit 

current (Jsc) due to a possible desorption of the dye from the semiconductor 

surface following the hydrolysis of carboxylate anchoring moieties, resulting in 

the carboxylic acid form of the free dye.45 After a paper by O’ Reagan published 

in 2010 in which water was added in different proportions to an organic 

electrolyte with little decay in the performance the trend has been reversed, and 
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many researchers are now working on aqueous DSSC. Many works followed a 

similar path of mixing water and organic solvents, often adding surfactants for 

a better compatibility, but there are also many examples of electrolytes that 

adopt only water as solvent.45-47 The efficiencies unfortunately are usually very 

low, ranging from less than 1% to a record of 6%.48  

A problem to address when considering aqueous electrolyte solutions is the 

hydrophilicity of the dye, that is responsible of the very important aspect of 

photoanode/electrolyte interface. Three main approaches have been proposed 

in literature to avoid dye desorption in water due to carboxylic bond hydrolysis: 

one is to use traditional ruthenium complexes in strongly acidic pH conditions, 

but these cells are not stable for a long time,49 or to protect the dye with an 

inorganic coating using atomic layer deposition (ALD), improving the stability, 

but this is a very expensive technique.50 Another possibility is to employ 

hydrophobic organic dyes, but the hydrophobicity hinders the electrolyte 

penetration in the cavities of the mesostructured photoelectrode, limiting the 

photocurrent of the cell. The third possible approach is to use hydrophilic dyes 

specifically designed to work in an aqueous environment that offer a good 

wettability of the electrode;51 it is also possible to protect the TiO2 anchoring 

group using an hydrophobic one, but the stability is short.52 C. Barolo and 

coworkers carried out an exhaustive work testing nine sensitizers of very 

different nature, changing the anchoring unit, the polarity of the molecular 

backbone, the absorption region within the visible spectrum, and the presence 

of metal centers, to correlate the molecular structure to stability in water. 

Indolenine sensitizers gave the best results, even if the photovoltaic efficiencies 

were very low (0.12 to 0.20%).53 

Once the dye has been chosen, it is necessary to optimize the electrolyte 

components: usually, if a completely aqueous cell is considered, inorganic salts 

are a common choice, because of their good solubility in water and also because 

they are not toxic like ionic liquids and they are cheaper. The common choice is 
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thus among iodine salts (NaI, KI, LiI), in variable concentrations and 

proportions to I2, adding in some cases other components such as guanidinium 

thiocyanate (GuSCN) and chenodeoxycholic acid (CDCA).47, 51 The efficiencies 

reported are usually lower than 2%. Ionic liquids have been compatibilized with 

water in various dilutions by adding surfactants like Triton X-100, resulting in 

similar efficiency.46 Finally, good results have been obtained using cobalt based 

electrolyte solutions, with efficiency over 5%, but cobalt salts are very toxic, so 

they are in contrast with the eco-friendly aim of aqueous DSSC.54-55 

Some improvements can be obtained when changing the counter electrode, 

switching from classical platinum to PEDOT over the conductive glass. Both 

these materials show total wetting upon deposition of water on the surface, 

therefore the increased photocurrent recorded cannot be ascribed to a better 

wettability. This improvement has thus been attributed to the high surface area 

of PEDOT due to a leaf-like structure that increases the catalytic activity. Also a 

reduced dye desorption has been reported when using PEDOT counter 

electrodes, ascribed to the ability of PEDOT to include ions in its matrix, that in 

this way cannot absorb on TiO2. Efficiency reached 4.04% at 0.5 sun.51 Finally, 

PEDOT counter electrodes are cheaper and more eco-friendly than platinum, as 

they are fabricated from cheap materials and can be electropolymerized at room 

temperature, in deionized water.56 

A new frontier for a longer stability of aqueous solar cells is to make more solid 

the electrolyte. For example, a recent work employed eco-friendly 

carboxymethylcellulose hydrogels containing both NaI and I2 with promising 

electrochemical characteristics on charge diffusion and ionic mobility. Even if 

they had not outstanding PV properties (the efficiency was 0.72%), they lost only 

7% of the efficiency after 29 days of ageing in dark.57 

 

1.2.2 Working principles of DSSC 
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A DSSC is a multi-component device comprising: a) a dye-sensitizer S; b) a n-

type semiconductor metal oxide (typically TiO2); c) a p-type semiconductor or a 

redox electrolyte (typically a redox couple); d) a transparent working anode and 

a counter electrode (based on fluorine-doped tin oxide, FTO). Under light 

irradiation the sensitizer S is excited to state S* from which an electron is injected 

into the conduction band (CB) of TiO2, leaving the dye in its oxidized state S+. 

The electrons collected at the photoanode are then transferred through the 

external circuit to the counter electrode where, via Pt catalysis, they reduce the 

electrolyte that then regenerates the sensitizer (S+ → S). If a p-type 

semiconductor is used in place of the electrolyte (solid state devices), dye-

regeneration occurs via hole transfer from S+ to the HOMO of the hole 

transporter (Figure 1.12).58-59 A DSSC is a very efficient device where, formally, 

one photon is converted into one electron without permanent modification of 

any component. In addition to the main processes, a number of undesired 

pathways and losses are present including recombination of injected electrons 

from TiO2 to either S+ or the oxidized form of the electrolyte, incomplete light 

harvesting, and inefficient electron transfer from S*. The main source of loss-in 

potential of a DSSC is the high overpotential needed to regenerate the dye, 

which strongly limits the maximum attainable photovoltage.60  
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Figure 1.12. Scheme of a dye sensitized solar cell. Reproduced from Ref. 59 with permission from The 

Royal Society of Chemistry. 

The performance of a DSSC, or in general of a PV cell, is determined by 

measuring the overall power conversion efficiency (sometimes referred to as 

PCE) from the ratio of maximum output power density (Pout, in W m-2) and the 

input light irradiance (Pin, in the same units) as shown below. Under standard 

reporting conditions the light intensity Pin is 1000 W m-2, the sun spectrum is AM 

1.5 G,10 and the sample temperature is 25 °C.61-62  

𝜂 = 𝑃𝐶𝐸 =
𝑃&'(
𝑃)*

 

According to the Shockley-Queisser model, the maximum theoretical efficiency 

for a single junction device under non-concentrated sunlight is ~30%.63 The 

maximum power point Pout of a cell is given by the following equation where Jmp 

and Vmp represent the current density and voltage at the maximum power point. 

𝑃&'( = 𝑉BC𝐽BC 

By defining the fill factor FF as the ratio (values between 0 and 1) of Pout and the 

product of the maximum attainable voltage (open circuit conditions) Voc (in V) 

and current density (short circuit conditions) Jsc (in mA cm-2), the efficiency 
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relationship can be rewritten as follows, which is used to determine the cell 

performance. 

𝐹𝐹 =
𝑃&'(
𝑉&F𝐽GF

 

𝜂 =
𝑉&F𝐽GF𝐹𝐹
𝑃)*

 

The Jsc, Voc, and FF values are measured by plotting the current density as the 

bias voltage is varied while irradiating the PV cell by means of a calibrated solar 

simulator. A typical diode current/voltage characteristic is shown in Figure 

1.13. DSSC researchers usually report J and V as positive values, but other J/V 

curve notations are used as well. 

Figure 1.13. Current-voltage characteristics of a DSSC under irradiation. 

An additional PV parameter, which is routinely employed to determine the 

quality of a PV device, is the external quantum efficiency (EQE), usually referred 

to as the incident photon-to-current conversion efficiency (IPCE) by the DSSCs 

community. IPCE(λ) is defined as the number of collected electrons under short 

circuit conditions per number of incident photons at a given excitation 

wavelength λ and gives the ability of a cell to generate current as a function of 

the wavelength of the incident monochromatic light. IPCE is calculated by 

measuring the short-circuit photocurrent as a function of the monochromatic 

photon flux. 
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𝐼𝑃𝐶𝐸(𝜆) =
𝐽GF(𝜆) 𝑒I
𝑃)*(𝜆)

ℎ𝜈I
=
ℎ𝑐
𝜆𝑒
×
𝐽GF(𝜆)
𝑃)*(𝜆)

=
1240
𝜆

×
𝐽GF(𝜆)
𝑃)*(𝜆)

 

IPCE is determined by the sensitizer light harvesting efficiency at λ (LHE), the 

quantum yield for electron injection from S* to the semiconductor oxide (Φinj), 

and the charge collection efficiency (ηcoll), the product of the latter two 

parameters giving the absorbed photon-to-current efficiency (APCE) or internal 

quantum efficiency. 

𝐼𝑃𝐶𝐸(𝜆) = 𝐴𝑃𝐶𝐸(𝜆) × 𝐿𝐻𝐸(𝜆) 

The integral of IPCE with the AM 1.5 G spectrum gives the photocurrent, which 

should match the one measured under the solar simulator. Therefore higher 

IPCE and broader spectra correspond to higher Jsc. 
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1.3 Artificial photosynthesis and Photoelectrochemical Cell 
 

As already mentioned in the previous sections, the need to leave oil and to look 

for a clean energy source is demanding and cannot be further delayed. 

Photovoltaics can be a good approach to produce electric current, but it 

represents only 20% of the world final energy consumption, while 

transportation uses 32% of it. Unfortunately, if for electricity we already have a 

25% renewable share, for transport it is only 3%, with a 2.8% of biofuels and 

0.3% of renewable electricity. The problem is that it is not easy to store electrons, 

so electric cars need big and heavy (and expensive) batteries instead of a 40-60 

L fuel tank, and they however have a limited autonomy; the ideal solution 

would be to efficiently employ solar light to produce a fuel that can be easily 

distributed and stored, with a fast car refilling. A good chance is represented by 

hydrogen, that, in principle, could be obtained from the most harmless of 

reagents: water. 

Current transport situation 

In Italy, in 2015 petrol was responsible of 91.9% of transport energy 

consumption; methane covered 2.8% of the consumption, biofuels 3.0% and 

electricity 2.4% (from elaborazione Gestore Servizi Energetici su dati Eurostat). 

As of 1st January 2017, 7.8% of Italian car fleet made use of alternative fuels, with 

a bigger part (5.2%) using LPG, a 2.3% using methane and only 0.3% was 

represented by hybrid or full electric vehicles (source ACI). 

Biofuels are at the moment the principal renewable alternative to fossil fuels for 

transportation. Biofuels can come from appositely cultivated biomasses (first 

generation system), that thus compete for land with food cultivation, or they can 

be obtained from agriculture wastes, such as shells, husks, wood chips or fruit 

peels (second generation). The latter approach partly solves the competition for 

farmland, but the “Sun to wheels” conversion efficiency is extremely low, just 

0.03%.3 Chlorophyll photosynthesis has a very low efficiency, around 1%, on the 
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contrary of what is commonly believed, and the transformation process from 

biomass to biofuel has an even lower efficiency, so this explains such a small 

overall value (Figure 1.14).64 On the contrary, photovoltaic panels offer far 

higher efficiencies, and the transfer of power from panel to car suffers from very 

little losses. 

 
Figure 1.14. Biofuel and photovoltaic sun-to-wheels pathways and efficiencies. Reprinted with permission 

from Ref. 64. Copyright 2015 American Chemical Society. 

 

An electric engine is thus order of magnitudes more efficient than a biofuels 

combustion one, 5.4% versus 0.03%. It is clear that a sustainable transport system 

cannot reckon on biofuels, but it has to look at more efficient solutions based on 

an electric engine. 

All over the world, in 2015 more than 1.2 millions hybrid cars have been sold, 

around 220 000 plug-in hybrids and 325 000 full electric cars, with a constant 

increase with respect to previous years (data from IEA). Plug-in and electric cars 

together represented 0.85% of sold cars. 

In Italy, in the first half-2018 hybrid and full electric vehicles market had a 

consistent improvement with respect to the previous year; in particular, 42 308 

hybrid cars have been registered (+29.5%), 2 119 plug-in hybrids (+60.3%) and 2 

249 full-electric cars, that showed an impressive 123.8% increase. Globally, 3.9% 

of the market is constituted by hybrid cars while 0.2% is made of electric cars 

(data from UNRAE). 
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The best seller full-electric car has been the Smart ForTwo (627 units, price from 

23 920 €), followed by Nissan Leaf (457 units, price from 29 885 €), Renault Zoe 

(426 units, price from 23 300 €) and Tesla Model S (156 units, price from 72 640 

€) and Model X (103 units, price from 94 480 €; price data from: Quattroruote). 

These selling data show that nowadays electric cars of every category are 

available with affordable prices, spanning from city cars, to saloon cars and to 

top line cars as Tesla; furthermore, the steep sell increase suggests that Italian 

population is willing to move to a clean transport system, even bearing the 

actual limitations of full-electric cars. 

Their main drawbacks are due to the battery. First of all, it represents half of the 

price of the vehicle, and it is subject to ageing in a few years, so that a 

substitution has to be taken into account.65 Furthermore, lithium price had a 

steep increase in the last years: in the six months ending in May 2016, the price 

of pure lithium being exported to China increased of 42%. Limited reserves, that 

are mainly localized in single areas, represent an important issue, and they 

involve the risk of monopolism like what has happened with oil. For instance, 

approximately 70% of global lithium brine (a mineral mixture, usually found in 

salt-lake basins, that is the main source for lithium production) resources are 

located in just four countries, Argentina, Bolivia, Chile and China, even if other 

lithium sources can be exploited.66 Li-ion batteries have an high power density 

and are lighter than other batteries, but they however increase the weight of the 

car, require space and reduce the performance.67 Finally, batteries offer a limited 

autonomy to cars (usually about 200-300 km, even if Tesla Model S reaches 600 

km of possible distance covered) and require far more time to recharge than oil 

refilling, usually between 2 and 6 hours for a full charge.   

A not-too-futuristic solution to these problems could be represented by fuel cell 

vehicles employing hydrogen as a fuel: some models already exist, such as 

Toyota Mirai, Hyundai IX-35 Fuel Cell and many buses for public 
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transportation, working for example in Milan and in Bolzano, where the first 

Italian public hydrogen filling station has been built in 2015. 

Already in 1874, the day-dreamer writer Jules Verne published the novel “The 

mysterious island” where he already imagined a future where water would 

have been a fuel: “I believe that water will one day be employed as fuel, that hydrogen 

and oxygen which constitute it, used singly or together, will furnish an inexhaustible 

source of heat and light, of an intensity of which coal is not capable.... Water will be the 

coal of the future”.  

Not long after that, at the beginning of the twentieth century, hydrogen was 

used for street lighting in a mixture called “town gas”, obtained from coal and 

water, and combined with carbon monoxide.68 Hydrogen as a fuel was then 

forgotten until the 1970s,69-71 when people started to be aware of the expected 

depletion of oil reserves and anthropogenic global warming, which is related to 

excessive emissions of CO2.  

Hydrogen is one of the most abundant elements on Earth, but the problem is 

that it is not present in a free form, it is just 1 ppm of the atmosphere because of 

its light weight (it can escape gravitational attraction), it has to be produced from 

hydrogen-rich compounds, and it thus requires energy. This is why hydrogen is 

not considered a fuel but an energy carrier, because it is a secondary form of 

energy, like electricity. It also has some drawbacks: it is highly flammable and 

burns in air at a very wide range of concentrations. At room temperature, 

uncompressed hydrogen occupies 11 250 L kg-1; in a high-pressure (35.5 MPa or 

350 atm) steel tank the volume reduces to 56 L kg-1. Hydrogen liquefies at -253 

°C (20 K). Liquefied hydrogen occupies only 14.1 L kg-1. Hydrogen energy 

content is very high, 120 MJ kg-1 (33.3 kWh kg-1), compared to 44.4 MJ kg-1 (12.4 

kWh kg-1) for gasoline.72 

At the moment, the cheapest way to produce hydrogen is by steam reforming of 

methane: 

𝐶𝐻R + 2𝐻T𝑂 → 4𝐻T + 𝐶𝑂T 
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This is a multi-step reaction that leads to carbon dioxide as a side product. When 

produced in this way, hydrogen cannot be considered a renewable source, since 

it does not solve the problem of oil running out and CO2 emission. Only about 

4% of hydrogen is now produced by electrolysis of water, that in principle is the 

only clean way to obtain it. Water can be split into its components, hydrogen 

and oxygen, when enough energy is supplied, exactly as it happens for example 

during photosynthesis: 

2𝐻T𝑂 + ℎ𝜈 → 2𝐻T + 𝑂T 

The challenge is to find a clean way to let this reaction happen, either as clean 

electricity or with innovative devices directly transforming water and photons 

into hydrogen. 

Nowadays, the main alternatives to fossil fuels to produce electricity are nuclear 

power, hydroelectric power, wind power and photovoltaics. The first one is 

clearly an option to be discarded; in fact, even if nuclear plants do not release 

carbon dioxide, they produce a lot of radioactive wastes that can just be stored 

for centuries and millennia as long as they are not toxic anymore. Furthermore, 

to produce energy enough to obtain hydrogen only from electrolysis, more and 

more nuclear plants than currently present should be built, something like twice 

the world nuclear capacity only to fulfil USA needs for transport. 

Luckily, in many countries hydroelectric power is already widespread 

employed, but it is already almost at its limit: in USA and Europe 70% of the 

potential sites are already exploited; more possibilities are present in Asia and 

Africa, but dams construction would mean serious damages for the 

environment.73  

Photovoltaics state-of-the-art and perspectives have been previously illustrated; 

wind power is at the moment the “king” of renewables, so in the near future it 

is the most promising candidate for massive electric power production. 

Once resolved the problem of the production of hydrogen, there are still many 

issues to be solved, such as the storage. Hydrogen is currently used in its 
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compressed form in vehicles, usually hold under 350 or 700 atm (35.5 or 71 MPa) 

in tanks made of very expensive innovative light-weight materials, such as 

carbon fibre with metal (aluminium or steel) or polymer (thermoplastic) liners. 

Even at 700 atm, hydrogen has a per-volume energy content that is 4.6 times 

lower than gasoline, which means that the hydrogen tank must be much larger, 

and it cannot use any shape, it has to be cylindrical to apply an uniform pressure 

all over the container. Furthermore, it has to be insulated and to assure that no 

leaks are present, since hydrogen is dangerous and explosive. And even with 

the best insulation possible, hydrogen is so small that it will however be able to 

evaporate, with a 1-5% loss daily from the tank, and this is a serious issue when 

considering car parked in the same close place for long periods. 

Another issue, only partially solved, is how to use hydrogen as a fuel. It could 

be employed in internal combustion engines, but its density is so low that the 

car would have a very limited autonomy, or, as it is already happening, in fuel 

cell electric cars. A fuel cell is an electrochemical cell that produces electricity 

from the reaction of a reductant (fuel), in this case hydrogen, with an oxidant 

(usually oxygen coming from air) in the presence of an electrolyte, converting 

chemical energy into electric energy.74-75 As long as reactants flow in the cell, it 

can work virtually continuously. The working mechanism is completely 

different from a combustion engine, and, since no conversion of heat is involved, 

fuel cell efficiency is not limited by the Carnot cycle. For hydrogen fuel cells, the 

theoretical efficiency limit is 83%, but the working efficiency depends on the 

amount of power they have to supply. If working between 0.6 and 0.8 V, 

hydrogen fuel cells efficiency is between 45 and 65%. In cars, the efficiency is 

about 50%, and the other 50% is dissipated as heat (fuel cells usually operate at 

70-85 °C). 

Of course, a cell filled with a liquid electrolyte would not be suitable for practical 

application outside a laboratory, so the electrolyte is replaced by a proton 

exchange membrane (PEM), made of a polymer electrolyte saturated with water 
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(usually a perfluorosulfonic acid) that allows only proton migration.74  In this 

way, hydrogen is split into electrons and protons at the anode side of the fuel 

cell by a platinum catalyst; protons migrate through the PEM while electrons are 

forced to go into the external circuit, generating electric power; protons and 

electrons recombine with oxygen at the cathode thanks to another platinum 

catalyst and produce only water as a waste (Figure 1.15). A fuel cell driven 

hydrogen car is thus a really eco-friendly vehicle, releasing only aqueous vapor 

in the environment. The major limitation to this technology, apart from the 

production and distribution of hydrogen, is the high cost of fuel cells, since both 

platinum and PEM are really expensive. Furthermore, platinum can be poisoned 

even by extremely low concentrations of CO, that is commonly present in 

hydrogen made by steam reforming. 

 
Figure 1.15. Scheme of a proton exchange membrane (PEM) fuel cell. Reproduced with permission from 

Ref. 72. 

1.3.1 Photoelectrochemical cell and dye-sensitized water splitting 

It is possible to split water into hydrogen and oxygen applying a potential higher 

than 1.23 V, that is the potential of water decomposition reaction, and it 

corresponds to a radiation of approximatively 1 000 nm. The first example of a 

device able to exploit this idea is the photoelectrochemical cell (PEC) of 

Fujishima and Honda, published on Nature in 1972.76 Their active material was 

a single crystal wafer of titanium dioxide, so it could only absorb UV photons; a 

photocurrent a little higher than 1 mA cm-2 was reported. After this paper, many 

efforts have been made all around the world to find an active material that could 

absorb visible photons, usually employing other inorganic oxides such as 

bismuth vanadate (BiVO4), tungsten oxide (WO3) and hematite (Fe2O3),77-79 or 
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more efficient multijunction electrodes,80 but generally they absorb only 

wavelengths shorter than 500 nm, exhibit poor hole transport properties, and 

require large bias voltages. Instead, anchoring a dye to an oxide such as TiO2 

allows a fine tuning of absorbance and electrochemical properties in order to 

match both solar spectrum and the other components of the device. The final 

aim is to assemble a system mimicking the natural photosynthesis in plants, a 

very complex process whose function is not an efficient energy conversion, but 

to let plants survive and reproduce. The photosynthesis efficiency in full light is 

in fact only 1-3%.81-84 The dye-sensitizing approach resembles what has been 

done also in DSSC, decoupling light absorption, catalytic and transport 

functions of the electrode. Actually, DSSCs can be considered a particular class 

of PEC, where the anode reaction is simply the reverse of the cathode reaction 

and the cell generates electricity; in fact, DSSCs are known also as regenerative 

PEC. In a water splitting PEC instead, the anodic reaction is different from the 

cathodic one and oxygen and hydrogen respectively are produced. A PEC is 

constituted by two electrodes, anode and cathode, that can in principle be both 

photoactive, made of a semiconductor absorbing a proper dye (ideally, two dyes 

with complementary absorption spectra should be used); on the electrode or in 

the aqueous electrolyte solution of each compartment a proper catalyst is 

present, either a Water Oxidation Catalyst (WOC) or a Hydrogen Evolution 

Catalyst (HEC). The device is completed by wires connecting the electrodes and 

the compartments are separated by a proton exchange membrane (PEM) or by 

a glass frit that allow only proton transmission. A scheme of a dye-sensitized 

PEC (DS-PEC) is depicted in Figure 1.16.  
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Figure 1.16. Scheme of a dye sensitized photoelectrochemical cell. 

The overall reaction taking place in a DS-PEC is the water splitting: 

𝐻T𝑂 → 𝐻T +
V
T
𝑂T    E=1.23 V 

When exposed to sunlight, the dye absorbed onto the photoanode is excited, the 

excitation is transferred to the conduction band of the semiconductor, and 

electrons flow from anode to cathode through the external circuit. The WOC 

oxidizes water producing oxygen and protons and transfers electrons to the dye, 

while protons generated by water oxidation migrate through the PEM to the 

cathode. There, the process is symmetric with an opposed charge flow, so the 

dye, upon absorption of light, transfers electrons to the HEC and returns to its 

ground state thanks to electrons coming from the semiconductor and the electric 

circuit. The HEC than uses electrons to oxidize protons and evolve hydrogen. 

The working mechanism is similar to a DSSC, the difference is that in DSSCs the 

dye, after excitation following light absorption, is regenerated by a redox shuttle 

that completes the photoelectrochemical circuit, while in DS-PEC, if dyes are 

coupled to proper catalysts, water can serve as an electron source, and protons 

as electron acceptors for regenerating the oxidized dyes. 

Solar-driven PEC water splitting would provide a chemical solution to the 

intermittency of PV devices, since a large amount of energy could be stored in 

the chemical bonds of hydrogen or hydrocarbon fuels that could be later 

released and utilized in fuel cells or internal combustion engines.85 But PEC can 
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go beyond water splitting: they can be used to produce value-added chemicals, 

such as H2O2 or H2S2O8,86-87 or biomass-derived chemicals,88 whose economical 

values are higher than hydrogen one due to challenges in production or 

transportation. 

n-type organic dyes for DS-PEC photoanode 

Light harvesting in natural photosynthesis is accomplished by a hierarchical 

assembly of accessory pigments that funnel their excitation energy to 

chlorophyll molecules. Aiming to mimic this natural phenomenon, it is 

necessary a dye acting as a sensitizer that absorbs visible light, injects an electron 

into the conduction band of a metal oxide semiconductor, usually TiO2, and is 

then re-reduced by the water oxidation catalyst, which oxidizes water to give 

molecular oxygen and protons. The ideal dye should absorb a significant 

fraction of visible spectrum, convert all absorbed photons to electron–hole pairs, 

bind persistently to the surface, and have the appropriate redox potential to 

drive the catalytic oxidation of water at a WOC. Moreover, the dye should be as 

cheap as possible: the requirements are almost the same as DSSCs dyes, so 

ruthenium polypyridyl sensitizers and some porphyrins similar to the ones 

already tested in DSSCs have been used in DS-PECs,89 but they often use rare 

elements, while earth-abundant catalysts and sensitizers will be needed for 

large-scale deployment of artificial photosynthesis.90 This suggests that research 

should focus the attention on the development of fully organic dyes, that are 

terrestrially-abundant and can thus be low cost, just like what has happened in 

the extensive research for better DSSCs dyes; a few purely organic sensitizers 

have been published.91-94 Some examples both of metal complexes and of metal-

free dyes are depicted in Figure 1.17. 

The chemical bonding of the dye to the high surface area of the semiconductor 

oxide is an important and subtle issue. Carboxylic acids are the most frequently 

used linking groups in dye-sensitized solar cells (DSSCs), but photoanodes for 

water splitting necessarily operate in solutions that contain water, making 



 

 43 

hydrolysis of the carboxylic acid–metal bond a significant problem. Under the 

aqueous conditions, phosphonate linkers provide a more robust linkage to the 

oxide surface.95-97 The performance of phosphonate-functionalized dyes is 

generally comparable or better than that of carboxylate analogues under non-

aqueous conditions because of reduced dye desorption, and in aqueous 

environment it is possible to reduce it by using multiple phosphonic 

functionalities, even if this leads to a decrease in the electron injection efficiency 

of the dye.98 

After choosing the right anchoring group, the dye molecule has to be designed 

so that: (a) the photosensitizer absorbs visible light as much as possible, and 

even the near-infrared (NIR) part; (b) the LUMO level of the photosensitizer is 

more negative than the CB edge of the n-type semiconductor (SC) to facilitate 

efficient electron injection after photoexcitation; the HOMO level of the 

photosensitizer, on the other hand, has to be positive compared to the catalytic 

onset potential of the WOC for oxygen evolution; (c) the photosensitizer is photo 

and electrochemically stable. 

Another aspect that has to be taken into account is how much hydrophilic the 

dye should be. A hydrophobic dye, in fact, could keep the water far from the SC 

surface, but on that surface usually there is also the WOC that has to be close to 

water in order to work. On the other hand, a very hydrophilic dye could prefer 

to detach from the surface and dissolve into the water, thus making the 

photoanode useless. Much attention has to be paid in balancing these opposite 

behaviours. 
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Figure 1.17. Structures of different dyes tested on photoanodes in DS-PECs. Reprinted from Ref. 89, 

Copyright 2018, with permission from Elsevier. 

 

WOC for the anodic compartment 

The preparation of a photoanode for a PEC device is pretty similar to the one 

used to prepare the photoanode in DSSC cells. The big difference is that, besides 

the dye, it is necessary to load a proper catalyst on the SC surface, in particular 

a WOC. An ideal WOC must collect four oxidizing equivalents per oxygen 

molecule generated, facilitate the formation of molecular oxygen, and be 
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chemically stable. Literature suggests us several routes and several catalysts. As 

for the dyes, the catalyst should be a cheap compound, such as an organic 

molecule. Up to now, the most used catalysts are crystalline IrO2,90, 93, 99-100 Ir101-

102 or Ru complexes,89, 103-104 polyoxometalates (POM) based on Ru, Co or Mo,105-

106 but there are also some examples of purely organic molecules.107 Some 

published molecules are depicted in Figure 1.19. 

Unfortunately, heterogeneous WOCs are usually not very simple to synthetize, 

because purification and characterization of metallo-organic compounds can be 

challenging. One of the most commonly used WOC in literature is the 

Ru(bpa)pic2 (Ru(II)(2,2’-bipyridine-6,6’-dicarboxylic acid, bpa; 4-picoline, pic)) 

depicted in Figure 1.18, firstly synthetized by L. Sun and coworkers,108 and from 

this molecule many others can be derived.109-111 It is evident that this molecule 

does not have any anchoring group, so it can be employed only dissolved in the 

electrolyte solution of the PEC, even if in this way the efficiency of the catalytic 

process is lower. If carboxylic or phosphonic acid groups are integrated in the 

same or in similar complexes, it is possible to chemisorb them onto the TiO2 layer 

simply soaking the electrode in a WOC solution. After this, electrodes are 

soaked in the dye solution as for DSSCs.  

 
Figure 1.18. Structure of reference WOC Ru(bpa)pic2.  
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Figure 1.19. Structures of some water oxidation catalysts published for using in DS-PEC. Reprinted from 

Ref. 89, Copyright 2018, with permission from Elsevier. 

Dye-catalyst dyad: one molecule makes it all 

It is possible to covalently attach the dye with the anchoring group and the WOC 

in one single molecule. This follows the hypothesis that a covalent linkage will 

ensure that the WOC is always in close proximity to the dye-sensitizer. This 

should lead to rapid electron transfer from the WOC to the dye after its photo-
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oxidization due to electron injection into the TiO2 CB. In fact, charge 

recombination reactions are usually much faster than the difficult multi-electron 

water oxidation process, so that charges generated by light absorption are lost 

before electrons can be transferred to the CB of TiO2 and holes to the WOC. The 

use of a dyad would also simplify the realization of the device since just one 

molecule has to be absorbed onto the semiconductor surface, but the synthesis 

of such a system is far more complex than that of the two single molecules of 

dye and WOC. Up to now, few examples of dyad for water oxidation are present 

in the literature. Several molecules employ Ru complex as sensitizers.112 For 

example, Youngblood et al. reported in 2009 a dyad with various ruthenium 

complexes as a light absorber and IrO2 as a catalyst (PS-Cat. 1 in Figure 1.20).113 

Iridium oxide capped with dicarboxylate ligands has been covalently coupled 

to a variety of ruthenium poly(pyridyl) dyes that contained malonate or 

succinate linkers. The dye underwent rapid photodegradation and the quantum 

yield was poor (~1%), but it was a proof of concept that this was a feasible way. 

Yamamoto et al. reported in 2016 a covalently-linked ruthenium-based WOC–

zinc porphyrin (ZnP) sensitizer dyad; the DS-PEC performance was better than 

the reference systems with coadsorption of individual Ru(bda) and ZnP as well 

as with ZnP solely, corroborating the advantage of the covalent linking 

approach over the noncovalent one (Figure 1.21).114 In the same year, Sherman 

et al. reported a Ru(II) polypyridyl- based chromophore−catalyst assemblies, 

with particularly good performances on SnO2/TiO2 core−shell electrodes (PS-

Cat. 4 in Figure 1.20).115 Lindquist et al. published in 2016 a dyad employing an 

organic sensitizer (a perylene derivative, Figure 1.22).116  
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Figure 1.20. Examples of dyads with Ru-based sensitizers. Reprinted from Ref. 89, Copyright 2018, with 

permission from Elsevier. 
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Figure 1.21. Dyad with a Zn-porphyrin designed by Yamamoto et al. Reprinted from Ref. 89, Copyright 
2018, with permission from Elsevier. 

 
Figure 1.22. Structures of the dyads synthesized by Lindiquist et al. Reproduced from Ref. 116 with 

permission from The Royal Society of Chemistry.  

In order to overcome the issues related to the difficult synthesis of dyads, some 

self-assembly systems have been purposed.117-118 A very interesting approach is 

the use of host-guest systems, such as a cyclodextrin functionalized dye and a 

proper Ru-catalyst with hydrophobic functionalities, reported by L. Sun and 

coworkers in 2016 (Figure 1.23).119 This implies major flexibility, since many 
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combinations of adducts can be tested in DS-PEC starting from a limited number 

of different molecules. 

 
Figure 1.23. DS-PEC cell consisting of a photoanode based on a dye-sensitized TiO2 film, a Ru–bda water 

oxidation catalyst, and a Pt cathode for visible-light-driven water splitting. The dye–catalyst assembly 
forms on the surface of TiO2 through the host–guest interaction (right). The energy diagram of the 

photoanode is shown on the left. Reproduced from Ref. 119, copyright 2016, with permission from Wiley. 

 

p-type organic dyes for DS-PEC photocathode 

The requirements for a dye working in a p-type photocathode for a PEC are 

somehow similar to the ones for photoanodes dyes. Of course, it has to absorb 

the visible light, it should be cheap, it needs proper energy levels to match both 

semiconductor valence band and the redox potential of the catalyst, it needs an 

anchoring group to bind onto the surface of the semiconductor (usually NiO). 

So it is possible to use a properly designed p-type push-pull molecule composed 

by an electron acceptor, a linker and an electron donor with the binding moiety. 

To design a working photocathode for hydrogen production, a favourable 

match of the reduction potentials between a dye and a H2-evolving catalyst is 

critical. More specifically, the catalytic onset reduction potential of a HER has to 

be more positive than the reduction potential E(D/D-) of the dye in order to keep 

the photo-induced electron transfer occurring from the dye to the catalyst. 

Besides this, the HOMO level of the sensitizer has to be more positive than the 

valence band of NiO, so that the dye can inject holes into the VB of the 

semiconductor. 
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Photoelectrode stability for water splitting is another challenge. Ideally, low pH 

is favourable for improving kinetics of hydrogen production on the deficient 

photocathode side and allowing proton conducting membranes to be used to 

separate each half cell. Thus it is crucial that the photocathode side is stable in 

acidic conditions because local pH changes from the water oxidation reaction 

can cause dye degradation and desorption even at neutral pH. Y. Wu and 

coworkers reported an innovative dye inspired by the natural membrane-

enabled subcellular compartmentation: they used an organic donor−acceptor 

dye that prevents both dye desorption and semiconductor degradation by 

mimicking the hydrophobic/hydrophilic properties of lipid bilayer 

membranes.120 The molecule, denoted as BH4, is an organic push-double-pull 

dye (D−π−2A) that consists of a triphenylamine (TPA) donor moiety connected 

to two perylenemonoimide (PMI) acceptor groups by head-to-tail oligio-3-

hexylthiophene-conjugated π-linker groups. The donor group layer, which 

contains the carboxylic acid functional group for loading onto NiO, is protected 

from the highly protic aqueous electrolyte (1 M HCl, pH 0) by the canopy of 

hydrophobic hexyl groups above it in the thiophene linkers. The PMI groups are 

located above the canopy of hydrophobic hexyl groups and act as the head layer 

whereby the aqueous electrolyte can interact. Upon photoexcitation, an electron 

can move from the donor (TPA) to the acceptors (PMI) whereby the charge-

separated state is protected from charge recombination with NiO by the length 

of oligothiophene π linker, which is between the donor and acceptor. Coupled 

with a cubane molybdenum sulphide cluster, [Mo3S4]4+, dissolved in the 

electrolyte solution as the hydrogen evolving catalyst, this system shows great 

stability and impressive current densities (about 180 µA/cm2, one order of 

magnitude higher than the usually reported ones). This suggests to use bulky 

hydrophobic sensitizers in order to obtain the best results both in stability and 

efficiency of the photocathode. 

HEC for the cathodic compartment 
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As for photoanodes for DS-PECs, photocathodes preparation is similar to active 

photocathodes for DSSCs. Unfortunately, this field had been less investigated 

than the anodic counterpart, so not much literature is present for this argument. 

Also in this case it is necessary to adsorb on a semiconductor (usually NiO) both 

the dye and the catalyst. 

In order to see if the system could work as a photocathode, it is possible to use 

a sacrificial electron donor such as triethanolamine (TEOA) in a homogeneous 

system with the dye and the catalyst dissolved in a proper solvent. If light driven 

H2-evolution is detected, the preparation of a photocathode with immobilized 

dye and catalyst is feasible. 

The photocathode can be realized by incorporating the dye and the catalyst into 

a nanostructured NiO-based photoactive cathode. The photocathode can be 

assembled first by sensitization of a prepared nano-structured NiO film on 

conducting glass with the dye, followed by direct deposition of a solution of the 

catalyst. The photocathode can then be explored as a working electrode in a 

standard three-electrode cell with a proper reference electrode (e.g. Ag/AgCl) 

and a counter electrode (e.g. a platinum wire). 

The tandem DS-PEC: integration of photoanode and photocathode in the same device 

Up to now, research has focused on PEC devices with a DS-photoanode and a 

passive Pt-wire as cathode; platinum is a noble metal, so this is of course an 

expensive system, the ideal solution would be to replace platinum with an active 

photocathode. In this way, the device would be cheaper and, in principle, it 

could show better performances and efficiency: both electrodes would contain a 

dye and a catalyst, so they would both actively participate to the water splitting 

process by absorbing different portions of the solar spectrum. A few example 

are present in the literature of such a device, but they employ metallo-organic 

dyes or inorganic oxides.121-122 

L. Sun et al. recently demonstrated that a device with both anode and cathode 

sensitized by purely organic dyes is feasible, with a design similar to tandem 
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pn-DSSCs (Figure 1.24).123 They used a meso-TiO2 cosensitized by an organic 

dye and a Ru-based catalyst as photoanodic active material and a NiO layer 

cosensitized by another organic dye and a Co-based catalyst as photocathodic 

active material. The photocathode acted as the working electrode in the cell 

while the photoanode was the counter electrode. Different configurations are 

possible to illuminate the cell and the best one is, of course, lighting 

simultaneously both sides of the system, but good results can also be obtained 

illuminating from the thinner electrode side, so that more light can pass through 

and reach the other electrode. In this way they obtained a working tandem DS-

PEC cell with IPCE of 25% at 380 nm under neutral pH conditions without 

applying any bias. The main drawbacks of this system are due to the 

photocathode: it is known that NiO has a poor hole mobility as a p-type 

semiconductor and short hole diffusion length, leading to fast charge 

recombination. At the same time, it is difficult to prepare thicker NiO films to 

load more dye and catalyst. The IPCE data indicated that the photoanode could 

convert more light into electrons than the photocathode, so the latter is the 

bottleneck of this device. 

 
Figure 1.24. The only example of organic Dye-Sensitized Tandem Photoelectrochemical Cell for 

water splitting developed by L. Sun and coworkers. Reprinted with permission from J. Am. Chem. 
Soc., 2015, 137 (28), pp 9153–9159. Copyright 2015 American Chemical Society. 
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1.3.2 Working principles and characterization of a DS-PEC 

The standard potential ∆E° of water splitting or water electrolysis to H2 and O2 

is 1.23 V at any pH. 

𝐻T𝑂 → 𝐻T +
1
2
𝑂T 

From the reaction stoichiometry, the volume of produced hydrogen is twice that 

of oxygen. In energetic terms, water splitting requires a free energy ∆G° = -nF 

∆E° (where F is the Faraday constant, 96485.3365 C mol-1). For the splitting of 1 

mol of H2O to 1 mol of H2 and 0.5 mol of O2, n is equal to 2 electrons and ∆G° = 

-2 ´ 96485 C mol-1 ´ -1.23 J C-1 = 237 kJ mol-1 H2O or ∆G° = 2.46 eV mol-1 H2O 

(with 1 eV = 96.48 kJ mol-1). Accordingly, for each electron involved in the redox 

reaction, the free energy is 1.23 eV. Water splitting is a multi-electronic (2 

electrons per each molecule of hydrogen and 4 electrons per each molecule of 

oxygen evolved), multi-atomic thermodynamic energy demanding, and 

kinetically hampered process with a high activation barrier. Thermodynamic 

losses and overpotentials associated to the reaction kinetics increase the voltage 

required for water splitting to higher values, up to 1.8 - 2.0 V, the typical voltage 

at which commercial electrolysers operate.124 

In order to let the water splitting reaction happen, it is possible to use a 

photoelectrochemical cell employing both photoanode and photocathode 

(tandem configuration) or focusing only on one electrode. In the following work 

only active photoanodes have been tested, assembled in a PEC like the one 

sketched in Figure 1.25. The photoanode is the working electrode (WE) of the 

cell, the counter electrode (CE) is a platinum wire where protons are reduced to 

hydrogen and the pseudo-reference electrode (RE) is a Ag/AgCl electrode. The 

cell is filled with a phosphate buffer solution (PBS) containing the sacrificial 

electron donor or the water oxidation catalyst. Anodic and cathodic 

compartments are separated by a proton exchange membrane (PEM) made with 

Nafion® membrane, that allows only protons to move from the anode to the 

cathode.  
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Figure 1.25. Scheme of a DS-PEC with active photoanode. “Red” can be either a sacrificial electron donor 
(SED) or water, “Ox” is the oxidized SED or O2, respectively. π is the organic sensitizer absorbed on the 

photoelectrode. 

Water splitting reaction, as already mentioned above, is a complex process that 

involves four electrons and four protons: 

2𝐻T𝑂 → 𝑂T + 4𝐻W + 4𝑒X 

4𝐻W + 4𝑒X → 2𝐻T 

_________________________ 

2𝐻T𝑂 → 2𝐻T + 𝑂T 

In order to test dyes on photoanodes in a simpler process, it is possible to use a 

sacrificial electron donor (SED) that allows the cell to work, for example 

hydroquinone that is oxidized to quinone, according to the scheme in Figure 

1.26.  

 
Figure 1.26. Photocatalytic process in presence of H2Q as SED. 
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Upon photoexcitation, the adsorbed dye TiO2/dye goes from its ground to 

excited state TiO2/dye* (1), from which an electron is injected to the TiO2 

conduction band generating a radical-cation species (TiO2(e-)/dye+•) (2). The 

adsorbed dye+• is restored to its starting state by reaction with H2Q in solution, 

which is thus oxidized to a quinone radical-anion (Q-•, 3).125 This process 

generates two protons which are included to the rapid disproportionation 

process (one electron transfer) of two molecules of quinone radical-anion to 

quinone (Q) and H2Q.126  

Testing a sensitized photoanode with a H2Q solution in the PEC allows to see if 

the dye is able to collect light and to transfer electrons to the circuit, simplifying 

the process that happens in water spitting reaction. If the molecule gives good 

results, then it is worth proceeding with the more complex catalysed water 

splitting reaction. 

To let the system work, the WOC has to accept four electrons before being able 

to oxidize water and produce one molecule of oxygen and four protons, that 

then move to the cathode through the PEM. It is intuitive that a transition metal 

with many possible oxidation states is needed, but such a high oxidation 

number is not so easy to be obtained without side reactions. Once four electrons 

are collected by the WOC and oxygen is produced, the catalyst goes back to the 

starting point and is ready for another cycle. 

The measurements carried out in both the configurations are the same. First of 

all, a linear sweep voltammetry (LSV) is run onto the DS-PEC; it consists of an 

electric measurement where the potential applied on the circuit spans over a 

fixed range and the resulting current is recorded (Figure 1.27, left). The LSV is 

measured both in dark and in light, in order to verify that the system effectively 

responds to light. The expected result is to have almost zero current when the 

DS-PEC is in dark and a clear signal when it is lightened by the solar simulator 

(using a UV filter, otherwise the signal would be given by the TiO2 layer onto 

which the dye is absorbed). Through the LSV results it is possible to determine 
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the potential where the light/dark ratio is maximized, so that at that value a 

chronoamperometry (CA) can be run (Figure 1.27, right). Also in this case, the 

current flowing in the circuit is recorded both in dark and in light, carrying on 

also long term measurements under illumination in order to evaluate the 

stability of the system and the gas evolution. At the end of the CA, the 

atmosphere of cathodic compartment (when working with SED) or of both 

compartments (when working with WOC) is analysed through a gas-

chromatograph (GD), where the peak of hydrogen can be clearly identified and 

also oxygen can be evaluated. With the quantified gas evolved and the total 

charge flown in the circuit it is eventually possible to calculate the Faradaic 

efficiency for both hydrogen and oxygen, defined as follows: 

𝐹𝐸 =
𝑛YZ,&C
𝑛YZ,(\]&^

 

where nH2,op is the hydrogen amount measured and nH2,theor the amount 

calculated according to Faraday’s law.    

 
Figure 1.27. LSV (left) and CA (right) curves of a PEC in measurement conditions. 
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2 Chapter 2: Eco-friendly dye-sensitized solar cells 
 

Aim of this section 

 

The first part of this PhD project has been dedicated to the study of dye-

sensitized solar cells containing eco-friendly solvents in the electrolyte solution, 

namely Deep Eutectic Solvents (DES). Traditional organic solvents used for this 

scope (usually nitriles mixtures) have many drawbacks, such as volatility and 

often toxicity. This can be a problem if the cell is not perfectly sealed, because it 

would involve toxic vapours in the environment and also a fast deterioration of 

the performance of the cell, that cannot work without the liquid electrolyte.  

Two different systems have been studied, an hydrophilic and an hydrophobic 

one, with proper dyes absorbed onto TiO2. Many variables have been 

considered, such as different TiO2 pastes and layer thickness, different iodides 

(both inorganic and ionic liquids, IL), different ions concentration, presence and 

absence of additives and of disaggregating agents.  

The efficiency of the optimized cell was 1.9% at 0.5 sun for the hydrophilic 

system and 2.5% at 1 sun for the hydrophobic solvent, compatible with 

traditional organic-solvent-based cells. 
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2.1 Deep eutectic solvents (DES) 
 

In this work, a new class of solvents in fast growth has been tested in DSSC, 

namely Deep Eutectic Solvents (DES). They meet the urgent need for eco-

friendly and biodegradable solvents, officially stated first on 8 September 2000, 

when, after a three-day Millennium Summit of World leaders at the 

headquarters of the United Nations, the General Assembly adopted the 

Millennium Declaration; it contained eight chapters and the fourth objective was 

entitled “Protecting our common environment”.1 Solvents are everywhere in 

chemical industry and products, for example they are fundamental during 

synthesis (in 2005 they constituted more than 80% of non-aqueous materials 

used to make active medicine ingredient),2 but also in products such as paints, 

coatings, adhesives.  

Common volatile organic compounds (VOC) tend to accumulate in the 

atmosphere due to the low boiling point, and they are characterized by 

flammability, high toxicity, and non-biodegradability. They are however 

necessary to carry out organic reactions: for instance, they allow easy control 

over mass and heat transference, stabilization of transition states, and fast 

modification of reactivity.  

Fluorinated solvents, that are thermally and chemically stable and nontoxic, 

could be a good alternative, but they are very expensive and they persist in the 

atmosphere.3 

Some solvents can be derived from biomasses, such as ethanol, limonene, ethyl 

lactate,4 glycerol,5 2-methyltetrahydrofuran,6 but their properties are not 

tunable. 

Intuitively, water would be a perfect solvent, being nontoxic, renewable, safe 

and cheap, but usually organic reagents and catalyst are not water-soluble, and 

water could even hinder some reaction by hydrolysis of some functionalities. 
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Finally, it is very hard to purify water contaminated by chemicals at the end of 

reactions. 

The interest of scientific community then focused on ionic liquids (IL), 

composed by a combination of an organic cation (usually imidazolium-based 

cations) with a large variety of anions, the most common ones being Cl-, BF4-, 

PF6-. Thanks to the wide choice of anions and cations that could be employed (it 

has been calculated that more than 1018 possible IL could be theoretically 

produced)7, IL can show very different properties such as viscosity, melting 

point, conductivity, solubility, stability over 200 °C, so that they can be tailored 

for many different applications. The drawbacks are that they need very pure 

components (even small impurities can change their properties), they are 

expensive, poorly biodegradable, and they require big quantities of salts and 

solvents during preparation.8-9 

Since the beginning of this century, a new class of solvents has gained more and 

more attention: eutectic mixtures in which it is possible to realize many 

reactions. When a mixture of two or more phase-immiscible solid components 

has one single composition and temperature where it has a transition to one 

liquid phase it is said to be an eutectic mixture, and the coordinates of 

composition and temperature define the eutectic point (Figure 2.1). This 

transition happens when a part of the component atoms are small and can move 

in interstitial spaces of the network created by larger atoms; the crystalline 

pattern is thus disrupted thanks to diminished electrostatic forces and this leads 

to a decrease of the freezing point of the eutectic mixture.1 
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Figure 2.1. Phase diagram of a mixture that shows an eutectic point. 

Deep Eutectic Solvents (DESs) are a particular case of eutectic mixtures, made of 

two or more solids that give a liquid solution at room temperature.10 The 

formation of these DESs is simply obtained by mixing together two safe 

components in fixed proportions (cheap, renewable and biodegradable), until 

the mixture becomes liquid. Lately, DESs can be obtained also from a solid 

component and a liquid one, such as ethylene glycol or glycerol.11 

Generally, a DES is composed by two or three components that associate with 

each other through hydrogen bond interactions, forming an eutectic mixture 

with a melting point far lower than that of both components (this explains the 

adjective “Deep” in the name). Usually, DESs are liquid at temperatures lower 

than 150 °C, and most of them are liquid between room temperature and 70 °C. 

In most cases, a DES is obtained by mixing a quaternary ammonium salt with 

metal salts or a hydrogen bond donor that has the ability to form a complex with 

the halide anion of the quaternary ammonium salt.12 Many different 

components can be used, some example are reported in Figure 2.2. 
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Figure 2.2. Typical structures of the halide salts and hydrogen bond donors used for DES syntheses. 

Reproduced from Ref. 12 with permission from The Royal Society of Chemistry. 

One of the most common components present in DESs is choline chloride 

(ChCl), that is a very cheap, biodegradable and non-toxic quaternary 

ammonium salt which can be extracted from biomass or synthesized from fossil 

reserves, often used as an additive in chicken food for accelerating growth (it is 

also known as Vitamin B4). In combination with safe hydrogen bond donors 

such as urea, renewable carboxylic acids (e.g. oxalic, citric, succinic or amino 

acids) or renewable polyols (e.g. glycerol, carbohydrates), ChCl can rapidly 

form a DES. The freezing point of the eutectic mixture is usually impressively 

lower than the melting temperature of the components; for example, the melting 

point of ChCl and glycerol is 302 and 17.8 °C respectively, while the freezing 

point of the DES composed by 1:2 ratio of them is as low as -40 °C.13 

Although most of DESs are made from ChCl as an ionic species, DESs cannot be 

considered as ILs because DESs are not entirely composed of ionic species and 

they can also be obtained from non-ionic species. 

When compared to traditional ILs, DESs derived from ChCl gather many 

advantages: they are cheap, chemically inert with water (that means easy 
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storage), easy to prepare since DESs are obtained by simply mixing two 

components, thus by-passing all problems of purification and waste disposal 

generally encountered with ILs, and most of them are biodegradable,14 

biocompatible15 and nontoxic.16 

These DESs are attractive since they have physico-chemical properties similar to 

traditional imidazolium-based ILs and thus can advantageously replace them in 

many applications. As compared to traditional organic solvents, DESs are not 

considered as volatile organic solvents and they are not flammable, making their 

storage convenient. Additionally, synthesis of DESs is characterized by a 100% 

atom economy, it is easy to handle and does not need any purification, thus 

making their large-scale use feasible. 

Since it is possible to prepare DESs made of so many different components, their 

physicochemical properties can be widely tuned so that they can find many 

different applications. For example, density is usually higher than water, but the 

range can go from 1.04 to 1.63 g mL-1.12 Usually, DESs have a high viscosity, often 

attributed to the hydrogen bond network between the components, that causes 

a lower mobility of species inside the solution. At 20 °C, DESs viscosity ranges 

from 19 to 85 000 cP, while water is 1 cP.12 Such high density and viscosity can 

be considered an important drawback for industrial scale or in continuous-flow 

applications, but adding another component such as water, a carboxylic acid or 

a halide frequently solves this problem and makes DESs even more versatile.  

An impressive feature of DESs is their dissolving ability; for example, a 

ChCl/urea 1:2 DES can dissolve water-soluble inorganic salts (e.g. LiCl) but also 

scarcely water-soluble ones (e.g. AgCl), aromatic acids such as benzoic acid and 

amino acids,17 and even various metal oxides, and this could lead to a green way 

for metal recycle process. 18  

Thanks to all the peculiar properties of these solvents, they are applied in many 

different fields, for example in extraction and separation processes,19-21 for metal 

electrodeposition,10 in polymerisation and material sciences,22-23 but they have 
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recently gained increasing attention also in other hot fields of science such as 

metal-,24-29 bio-,30-34 and organocatalysis,35-37 photosynthesis and 

electrochemistry,38-39 and organometallics26, 40-45 with surprising and unexpected 

results. 

Among all of this variety of publications, also an application of DESs in DSSCs 

has been reported by Jhong et al. in 2009; using a DES composed by glycerol and 

choline iodide as electrolyte solvent, an efficiency of 3.88% has been obtained 

under 1 sun illumination.46 To the best of our knowledge, no other examples of 

DES-based DSSCs are present in the literature, apart from the ones illustrated in 

this PhD work. 
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2.2  Aqueous-DES based DSSC 
 

Among the alternative technologies for energy production free from fossil fuels, 

in the last two decades research focused the attention on third generation 

photovoltaics (PV), aiming to high-efficiency and low cost cells based on thin 

film technology, using both organic and inorganic materials.47 The most studied 

devices in this class were dye-sensitized solar cells (DSSCs), that promised to be 

easy to fabricate, efficient and low cost.48-50 One of the main drawbacks of this 

kind of cells is the electrolyte solution: they usually employ volatile organic 

solvents (VOCs), that are often toxic, such as acetonitrile. This is a serious issue 

to be afforded in order to have a widespread use of these devices. In order to 

overcome these problems, different electrolytes have been proposed as 

electrolyte media, such as ionic liquids (ILs),51 liquid solutions adsorbed on 

polymeric matrix,49, 52-54 and even solid state cells free from any solvent.55-56 Each 

of these configurations carries some disadvantages: for example, the 

performance and the price of the cells are often negatively affected. Therefore, 

an easy-available, sustainable, low cost electrolyte media, retaining an efficiency 

comparable to VOCs, would give an important boost to a wider diffusion of 

DSSCs. 

In the last years, many efforts have been made to employ a perfectly eco-friendly 

solvent in DSSCs: water.57 Of course, it is abundant, non-toxic and cheap, but it 

is an atypical solvent for DSSCs. Usually, it was avoided because of its 

detrimental effects on DSSCs performance. For example, water negatively 

affects the stability of the covalent grafting of the sensitizer to the photoanode 

semiconductor oxide, typically TiO2, leading to dye desorption and 

corresponding shutdown of the device. Furthermore, water can negatively shift 

the TiO2 conduction band, interact with additives and salts present in the 

electrolyte solution, and inhibit the interfacial contact between the electrolyte 

phase and the dye-coated semiconductor surface when common hydrophobic 
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sensitizers are used. 58 Nevertheless, very exhaustive works have been recently 

published using water as the electrolyte solvent, but efficiencies are usually low, 

ranging from less than 1% to 4%.57, 59-60  

In the last years, a new category of solvents has been proposed: the Deep 

Eutectic Solvents (DESs).61 As described previously, DESs show many physico-

chemical properties similar to ILs, such as density, viscosity, refractive index, 

conductivity, surface tension, chemical inertness, etc., but they also have some 

great advantages over ILs. In fact, DESs were studied to overcome some 

drawbacks of ILs, that are often expensive, toxic and poorly biodegradable, and 

their synthesis is not eco-friendly at all. 

DESs are obtained by just mixing together two or three safe components that can 

form an eutectic mixture, liquid at room temperature. One of the most used 

component is choline chloride, also known as vitamin B4, that is a very cheap 

(ca. 2 € kg-1), biodegradable and non-toxic quaternary ammonium salt, and it is 

mixed with safe hydrogen bond donors such as urea, carboxylic acids (e.g. 

oxalic, citric, succinic or amino acids) or polyols (e.g. glycerol, carbohydrates). 

In this way a solvent is obtained that cannot be considered as ILs because DESs 

are not entirely composed of ionic species and they can also be obtained from 

non-ionic species. This kind of solvent is easy to prepare (it is just a mixture of 

the components), cheap, low volatile, non-flammable and, last but not least, they 

are biodegradable, biocompatible and non-toxic.  

To the best of our knowledge, however, applications of DESs in electrochemistry 

and energy conversion are still limited.62 The only example in the literature of 

exploitation of a DES [namely choline iodide–glycerol (1:3, mol mol–1)] in DSSCs 

has recently been reported by Wong and co-workers.46 In combination with an 

organic sensitizer, these authors have reported a PCE of 3.9% vs a value of 4.9% 

of a control experiment in CH3CN as the electrolyte solvent. However, in this 

case, the whole electrolyte solvent was constituted by a mixture of 1-propyl-3-

methylimidazolium iodide (PMII) and the aforementioned DES (13:7, v v–1), 
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which resembles more an adapted IL rather than a “pure” DES medium. Indeed, 

the same authors classify their work amongst IL-based DSSCs, and the reported 

efficiency is to be referred to IL-based devices where PCEs higher than in water 

are routinely achieved. 

The present section of the PhD work combined the green aspects of both water 

and DES, using a healthy and safe electrolyte solvent, and employing a 

hydrophilic molecule developed in our research group as a dye. The efficiencies 

presented in this preliminary work are not high as an absolute value, but they 

are comparable to those known in literature for water-based solar cells. 

 

2.2.1 Choice of materials 

Since the aim of the present work was to prepare a DSSC working with a water-

based electrolyte solvent, the dye acting as a sensitizer has been carefully chosen 

to offer good performance and good compatibility with an aqueous 

environment. Organic dyes usually show a molar extinction coefficient higher 

than metalorganic ones, such as the conventional Ru-based N719,63 so less dye 

is needed and ultrathin TiO2 layers (less than 5 µm) can be used. In order to 

improve the hydrophilicity of the dye, glycolic chains can be successfully 

employed.59  

Both this requirements were met by two organic dyes already developed in our 

research group for photocatalytic hydrogen production.64 The chosen sensitizers 

were thus a donor–acceptor phenothiazine (PTZ) molecule containing 

thiophene-based spacers and characterized by the presence of a terminal 

tris(ethylene glycol) monomethyl ether (TEG) substituent (PTZ-TEG) and a 

similar one characterized by the presence of a methyl a-D-glucopyranoside 

moiety (PTZ-GLU), Figure 2.3. 
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Figure 2.3. Structure of the hydrophilic dyes used as DSSC sensitizers: PTZ-TEG (left) and PTZ-GLU 

(right). 

A first screening concerning the choice of the dye candidate to go on with this 

study and the proper dilution of the DES was carried out with a set of cells 

comparing different electrolytes (the traditional VOC-based Z960, the 

commercial IL-based Solaronix Mosalyte TDE-250, DES diluted with 20% water 

and with 40% water) and the two illustrated dyes. The results are reported in 

Table 2.1 and in Figure 2.4.  
Table 2.1. Photovoltaic characteristics of DSSCs made with PTZ-TEG and PTZ-GLU varying different 

electrolytes. 

Dye Electrolyte Cell # Jsc (mA cm-2) Voc (V) FF (%) h (%) 

PTZ-TEG 

Z960 1 7.95 0.620 73 3.6 

Mosalyte 2 5.8 0.575 72 2.3 

DES 20% 

water 
3 2.65 0.381 61 0.6 

DES 40% 

water 
4 2.45 0.355 59 0.5 

PTZ-

GLU 

Z960 5 7.0 0.614 75 3.2 

Mosalyte 6 5.4 0.579 72 2.3 
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DES 20% 

water 
7 3.9 0.361 60 0.8 

DES 40% 

water 
8 3.8 0.363 62 0.9 

Dye absorbed on 5-µm thick TiO2 transparent layer; co-absorbent: 1:50 CDCA with PTZ-TEG, 1:50 
glucuronic acid with PTZ-GLU; DES-based solutions with 4 M KI, 20 mM I2. 

 
Figure 2.4. J/V characteristics for DSSC described in Table 2.1. 

Since the DES diluted with 20% water was very viscous, it was immediately 

discarded from further study. Regarding the comparison between the dyes, 

PTZ-GLU performed a little better with DES, but its synthesis is very laborious 

and complex, so the difference in efficiency did not justify its choice, and the 

study was then carried out testing only PTZ-TEG dye. 

The choice of an appropriate DES as electrolyte solvent was made following the 

main aspect of an eco-friendly material, so it has to be made of abundant, cheap, 

low-cost to synthesise, little viscous, non-toxic, and sustainable components. As 

a green solvent, constituted by cheap and widely used materials, a 1:2 choline 

chloride/glycerol DES was chosen (Figure 2.5); its eco-friendly nature has been 



 

 84 

further improved and the viscosity has been reduced and adapted to an easy 

application in large area panels by adding  a 40% w/w water to this DES.  

An hydrophilic dye-sensitizer was then needed to maximize the compatibility 

between electrolyte and dye. In this way, dye regeneration was efficiently 

promoted (electron donation from the reduced form of the redox couple to the 

oxidized dye following photon absorption of the dye and electron injection to 

the CB of TiO2). 

 
Figure 2.5. Structures of choline chloride (ChCl) and glycerol. 

After choosing the dye and the DES, a short investigation was dedicated to the 

choice of the proper co-adsorbent. In DSSCs chenodeoxycholic acid (CDCA) is 

often used to reduce the formation of dye aggregates and the detrimental charge 

recombination, thus improving the cell performance.65 Also other acids could 

act in a similar way by attaching on TiO2 surface, so a more water-compatible 

acid was tested, namely glucuronic acid (GA), that has a simple structure and 

its polar nature favours interactions with polar media; finally, GA is widely 

available from natural sources (e.g. gum arabic) and is very cheap (Figure 2.6). 

To the best of our knowledge, it has never been employed before as a co-

adsorbent in DSSC.  

 
Figure 2.6. Structures of the co-adsorbent agents tested in this study: CDCA (left) and GA (right). 

As illustrated in Table 2.2, the presence of CDCA basically does not affect 

neither the performance nor the dye loading with respect to not using a co-
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adsorbent at all; very similar performances were obtained using the same ratio 

of GA (1:50 dye/acid), but the amount of dye adsorbed on the TiO2 surface was 

one order of magnitude smaller. Different ratios of GA were then tested, with a 

dye loading always smaller than the one with CDCA.  
Table 2.2. Photovoltaic characteristics of DES-based DSSC and dye loading upon variation of co-

adsorbent 

Co-adsorbent Jsc [mA cm-2] Voc [V] FF h[%] 
Dye loading 

[10-7 mol cm-2] 

No co-ads. 3.0 0.373 0.57 0.6 2.54 

CDCA 1:50 2.5 0.384 0.62 0.6 2.64 

GA 1:50 2.6 0.344 0.62 0.5 0.461 

GA 1:10 2.5 0.355 0.60 0.5 1.37 

GA 1:1 2.5 0.349 0.60 0.5 2.01 
Electrolyte composition: 4 M KI, 20 mM I2, DES with 40% water. 

It is worth noting that, independently of the GA/dye ratio, the photovoltaic 

characteristics remain almost the same; to find an explanation to this behaviour 

further investigations were carried out, measuring the incident photon to 

current efficiency (IPCE), the light harvesting efficiency (LHE) and calculating 

the absorbed photon to current efficiency (APCE), see Figure 2.7. The IPCE 

measurements are very similar for all the investigated ratios, but LHE look 

different, as it could be expected. The higher the quantity of co-absorbent, the 

lower the quantity of absorbed dye and the lower the LHE (measured as the 

complementary to 1 of a transmittance spectrum), since a lower quantity of dye 

implies an higher transmittance. The APCE is then calculated as: 

𝐴𝑃𝐶𝐸(𝜆) =
𝐼𝑃𝐶𝐸(𝜆)
𝐿𝐻𝐸(𝜆)
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Figure 2.7. Measured IPCE and LHE and calculated APCE for different dye/GA ratios. 

The APCE follows an opposite trend with respect to LHE, so electrodes with a 

lower quantity of dye are more efficient in transforming absorbed photons into 

electrons, likely due to an higher recombination occurring in electrodes with 

more dye. As a result, we chose the 1:10 ratio as a compromise.  

 

2.2.2 Photovoltaic investigation 

DSSC using water-based DES as an electrolyte solvent and an hydrophilic 

organic dye as a sensitizer have been investigated.  

The electrolyte composition was varied both in quantity and type of iodide, 

testing an inorganic salt (KI 1 M, 2 M and 4 M) and several inorganic ones (1-

Methyl-3-propylimidazolium iodide, 1-Butyl-3-methylimidazolium iodide and 

1,3-Dimethylimidazolium iodide). Some additives routinely found in liquid 

DSSC were then added to the electrolyte solution, such as several pyridine-
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derivatives and guanidinium thiocyanate. To enhance TiO2 pore diffusion, thin 

transparent TiO2 layers can be employed, so different transparent TiO2 

thicknesses (2.5 and 5 µm) have been tested; a blocking layer and/or a scattering 

layer was also investigated for a better comparison with conventional double-

layer DSSCs. Finally, two different counter electrodes were used, namely Pt and 

PEDOT ones, since PEDOT counter electrodes have been reported to have better 

performances in aqueous environment.59 

The results of the first set investigated are summarized in Table 2.3 and the J/V 

curves are illustrated in Figure 2.8. Iodine concentration was kept equal to 0.02 

M in agreement with the most common values used in conventional liquid 

DSSCs. At first, the cells were filled with an electrolyte based on 1 M and 2 M KI 

solutions, with the 2 M cells giving a little higher current than the 1 M ones. Also 

a 4 M KI solution has been tested, but it was more viscous and did not carry any 

big improvement in the PV performance, so it was not considered anymore in 

the study.  

A significant improvement was recorded when using an ionic liquid as iodide 

source; as for KI, three concentrations of 1-Methyl-3-propylimidazolium iodide 

(PMII) solutions were tested, 1 M, 2 M and 4 M, with a good improvement in the 

photocurrent. 4 M cells showed the best performance, with a 1.7% efficiency, but 

it is worth noting that the biggest part of the solution was constituted by the 

ionic liquid with just a small quantity of aqueous DES (the concentration of pure 

PMII is 6 M), so DES could not be considered the solvent; thus, this result has 

been discarded.  
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Table 2.3. Photovoltaic characteristics of DES-based DSSC upon variation of electrolyte composition 

Cell Electrolyte Jsc [mA cm-2] Voc [V] FF h [%] 

1 PMII 2M in CH3CN 7.3 0.483 0.70 2.5 

2 KI 1M 1.4 0.452 0.63 0.4 

3 KI 2M 1.9 0.429 0.64 0.5 

4 PMII 1M 1.1 0.467 0.70 0.4 

5 PMII 2M 3.3 0.478 0.67 1.0 

6 PMII 2M + GuSCN 4.1 0.495 0.65 1.3 

I2 concentration = 20 mM 

 
Figure 2.8. J/V characteristics for Des-based DSSC listed in Table 2.3. 

Since the best result had been reached with the 2 M PMII solution, other iodide 

imidazolium salts were tested to see if there would have been any difference. 1-

Butyl-3-methylimidazolium iodide (BMII) and 1,3-Dimethylimidazolium iodide 

(DMII) were tested in 2 M concentration solutions in aqueous DES but the 

performances of BMII were analogous to the PMII cells, while DMII cells 

showed lower values for all the parameters (Table 2.4 and Figure 2.9). PMII was 

then chosen for the following measurements.  
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Table 2.4. Photovoltaic characteristics of DES-DSSC upon variation of organic (imidazolium) iodide. 

Electrolyte Jsc [mA cm-2] Voc [V] FF h [%] 

PMII 2 M 3.3 0.478 0.67 1.0 

BMII 2 M 3.3 0.454 0.66 1.0 

DMII 2 M 2.5 0.435 0.63 0.7 

 
Figure 2.9. J/V characteristics for Des-based DSSC listed in Table 2.4. 

In order to increase the Voc, some pyridine-derivatives were added to either KI 

or PMII solutions.66 4-tert-Butylpyridine (TBP), 4-picoline and pyridine where 

tested with both 2 M KI and 2 M PMII solution, but the solubility of TBP in 2 M 

KI DES solution was too poor to perform any measurement, so the experiment 

with this solution was not carried out. Pyridine derivatives coordinate to the 

TiO2 surface through their ring nitrogen lone pair, causing an up-shift of the 

energy of the CB and Fermi level of the semiconductor. This usually results in 

an increase of the photovoltage, which is proportional to the difference between 

the CB of the n-type semiconductor and the Nernst level of the redox couple.49 

Indeed, the solar cells containing the azine derivative showed an higher Voc, 

with values increased from less than 0.5 to almost 0.7 V, but simultaneously in 

many cases a solid decrease of the current was observed. This was likely due to 

dye desorption from the titania surface (i.e., decrease of active dye 

concentration) due to the hydrolysis in basic aqueous media of the ester bonding 
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between the dye and TiO2.67-68 The measurements are reported in Table 2.5 and 

in Figure 2.10; from Figure 2.11 it is possible to notice the difference in the colour 

of the cell with and without pyridine derivative, an indication of the dye 

detachment from TiO2. In order to get a proof of this phenomenon, a dye loading 

measurement was conducted on DSSCs containing PMMI and pyridine 

derivatives: the cell containing PMII alone had 1.67 ´ 10-7 mol cm-2 of dye onto 

the active layer, while all the cells where the electrolyte contained also the 

pyridines showed a lower dye loading, confirming the detachment of the dye. 

Considering these effects and the toxicity of pyridine derivatives, they were not 

further investigated during this study. 
Table 2.5. Photovoltaic characteristics of DES-DSSC upon addition of pyridine-based additives. 

Electrolyte Jsc [mA cm-2] Voc [V] FF h[%] 
Dye loading 

[10-7 mol cm-2] 

KI 2 M, pyridine 

0.5 M 
2.1 0.628 66 0.9 / 

KI 2 M, 4-picoline 

0.5 M 
1.3 0.646 70 0.6 / 

PMII 2 M, TBP 0.5 

M 
1.5 0.642 73 0.7 1.11 

PMII 2 M, 

pyridine 0.5 M 
3.0 0.593 70 1.2 1.10 

PMII 2M, 4-

picoline 0.5 M 
2.6 0.632 70 1.2 1.30 
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Figure 2.10. J/V characteristics for DES-based DSSC listed in Table 2.5. 

 
Figure 2.11. Picture of a DSSC containing a PMII-DES based electrolyte (left) and one with the same 

electrolyte with added TBP (right). 

The effect of iodine concentration in the electrolyte solution was also evaluated 

both with KI and PMII DES based solutions. Besides the concentration 

commonly used in electrolytes, 0.02 M, also 0.01, 0.05 and 0.1 M have been 

tested, and the results are summarized in Table 2.6 and in Figure 2.12. Since 

there were only little differences between the cells with different iodine 

concentration, the previously “reference” concentration 0.02 M was chosen for 

the subsequent experiments. 
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Table 2.6. Photovoltaic characteristics of DES-DSSC upon variation of iodine concentration. 

Iodide [I2] [M] Jsc [mA cm-2] Voc [V] FF h [%] 

KI 2M +  

pyridine 0.5 M 

0.02 2.1 0.608 66 0.9 

0.01 1.9 0.614 68 0.8 

0.05 2.0 0.609 69 0.9 

0.10 1.9 0.582 66 0.8 

PMII 2M + 

pyridine 0.5 M 

0.02 3.0 0.593 70 1.2 

0.01 2.5 0.591 71 1.1 

0.05 2.7 0.605 71 1.2 

0.10 2.4 0.609 71 1.0 

 
Figure 2.12. J/V characteristics for DES-based DSSC listed in Table 2.6. 

A common additive of electrolyte solutions for organic DSSCs is guanidinium 

thiocyanate (GuSCN), and it has also been reported to act as a surfactant in 

aqueous cells.69 For this reason, it was tested in 2 M PMMI DES solution, leading 

to an improvement in the photocurrent and the overall efficiency (more than 

twice higher than with KI), reaching 1.3% (cell 6 in Table 2.3).  

After testing all of these variables in the electrolyte solution, also different TiO2 

substrates where evaluated, using the 2 M PMII solution as a standard for the 

electrolyte. In particular, the differences among photoanodes were in terms of 
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TiO2 mono- (transparent) or double-layers (transparent+scattering), layer 

thickness and presence of a compact hole blocking layer (BL). The results are 

presented in Table 2.7. 

At first, a 5-µm-thick scattering layer was screen-printed over the 5-µm 

transparent TiO2 used for the previous experiments, since the double 

transparent+scattering layers has often been reported to afford higher 

photocurrents.70-71 Unfortunately, this did not lead to any improvement, maybe 

because of the high recombination that is likely to happen (cell 3 of Table 2.7). 

In order to exclude recombination effects, a blocking layer (BL) was deposited 

via spray-pyrolysis on FTO glass according to a standard procedure. The layer 

was deposited before proceeding with the TiO2 active layer screen printing. In 

the case of BL+monolayer architecture, a very poor efficiency of 0.2% was 

recorded (cell 2 in Table 2.7); BL+double-layer cell instead gave a better result 

of 0.9% efficiency (cell 4 in Table 2.7), but it performed worse than without the 

BL. A possible explanation is the reduced charge transport induced by the 

presence of the compact layer.  

In contrast, a net improvement was recorded by decreasing the semiconductor 

mesoporous transparent layer from 5 to 2.5 µm. The use of thinner films 

decreases the available surface for dye grafting but improves pore filling and 

charge transport to the electrode before recombination takes place. In this way, 

the cell photocurrent (cell 5 of Table 2.7) increases, with PCE reaching almost 

1.5%.  

Lastly, some tests were performed changing the material of the counter 

electrode, using PEDOT in place of Pt, according to literature suggestions.59 

PEDOT has been polymerised directly on pre-drilled FTO glass according to a 

modified standard procedure.72 The PEDOT counter electrodes were tested with 

both 5 and 2.5 µm TiO2 photoanodes (cells 6 and 7 in Table 2.7). PEDOT counter 

electrodes lead to a small improvement for 5-µm-thick cells, while the efficiency 

decreased for 2.5-µm-thick cells. It is then apparent that in DES-DSSCs the use 
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of PEDOT is not beneficial. A conventional Pt counter electrode thus appears as 

the best choice.  

 
Table 2.7. Photovoltaic characteristics of DES-based DSSC upon variation of working and counter 

electrode.a 

Cell 

# 
TiO2 layer1 TiO2 layer2 

TiO2 

thickness 

[µm] 

Counter-

electrode 

Jsc 

[mA 

cm-2] 

Voc 

[V] 
FF 

h 

[%] 

1 Transparent / 5 Pt 3.3 0.478 0.67 1.0 

2 
Transparent 

+ BL 
/ 5 Pt 1.9 0.488 0.17 0.2 

3 Transparent Scattering 5+5 Pt 2.9 0.471 0.63 0.9 

4 
Transparent 

+ BL 
Scattering 5+5 Pt 2.9 0.498 0.62 0.9 

5 Transparent / 2.5 Pt 4.6 0.469 0.65 1.4 

6 Transparent / 5 PEDOT 4.2 0.427 0.59 1.1 

7 Transparent / 2.5 PEDOT 4.1 0.421 0.59 1.0 
a Electrolyte composition: 2 M PMII, 20 mM I2, DES with 40% water. 

 
Figure 2.13. J/V characteristics for DES-based DSSC listed in Table 2.7. 
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Combining the results regarding the best TiO2 layer (2.5-µm-thick transparent 

layer) and the best electrolyte composition (2 M PMMI + 0.1 M GuSCN aqueous 

DES solution) it was possible to design the optimal configuration for the system 

under examination. The best cell gave a photocurrent higher than 5 mA cm-2 and 

an overall PCE of 1.7%. This result was further improved at reduced irradiation 

(0.5 Sun), as those typically found under diffuse light conditions, reaching a 

conversion efficiency of almost 2% (Table 2.8 and Figure 2.14). For the best cell, 

also the incident monochromatic photon-to-electric current conversion 

efficiency (IPCE) as a function of wavelength has been evaluated: the DES-DSSC 

shows IPCE values > 0 over the whole visible wavelength range, exceeding 40% 

from ca. 480 to 550 nm (Figure 2.15). This IPCE characteristics compare well with 

best performances of water-based DSSC.57, 59-60 Finally, to check the effect of the 

co-adsorbent, a similar device prepared under the same conditions of the 

champion cell but without co-adsorbent GA has been tested. In this case the 

IPCE values were smaller (< 30%), although the shape is similar to that in 

presence of the co-adsorbent. It is therefore confirmed the aforementioned 

beneficial effects of the co-adsorbent on device performances. 

 
Table 2.8. Photovoltaic characteristics of best-performing DES-based DSSC.a 

Light power [Sun] Jsc [mA cm-2] Voc [V] FF h [%] 

1  5.1 0.504 0.66 1.7 

0.5  3.0 0.478 0.66 1.9 
a Electrolyte composition: 2 M PMII + 0.1 M GuSCN; transparent TiO2 thickness: 2.5 µm. 
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Figure 2.14. J/V characteristics for the champion DES-based DSSC under 1 and 0.5 Sun illumination. 

 
Figure 2.15. IPCE plot of the champion cell and of the corresponding one without the co-absorbent (GA). 

In order to further investigate the different behaviour of the DSSCs when 

changing the semiconductor layer structure and thickness, an electrochemical 

impedance spectroscopy (EIS) investigation was carried out,73-74 considering 

only Pt counter electrode devices (cells 1-3-4-5 in Table 2.7) since they gave the 

most interesting results (Table 2.8). 

In a EIS experiment, a small sinusoidal voltage stimulus of a fixed frequency is 

applied to an electrochemical cell and its current response is measured. It is 

possible to investigate the ac behaviour of an electrochemical system by 
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sweeping the frequency over several orders of magnitude (generally from a few 

mHz to several MHz). The analysis of the impedance spectra is usually 

performed in terms of Nyquist plots where the imaginary part of the impedance 

is plotted as a function of the real part over the range of frequencies. The 

properties of the TiO2/dye/electrolyte interface can be derived from the central 

arc in terms of recombination resistance (Rrec) and chemical capacitance for 

charge accumulation (Cµ). Both parameters are associated to charge transfer 

(recombination) phenomena representing detrimental back-processes between 

the injected electrons in the oxide and the oxidized form of the electrolyte. EIS 

analysis has been performed in dark condition to deeply investigate the charge-

transfer phenomena at the TiO2/dye/electrolyte interface. Charge 

recombination resistance (Rrec) and chemical capacitance for charge 

accumulation (Cµ) have been determined as a function of the bias potential (Vb) 

by fitting the experimental data with an equivalent electrical model.75 The 

apparent electron lifetime in the oxide τn can be calculated from τn = Rrec×Cµ. The 

results are illustrated in Figure 2.16. The EIS study clearly demonstrates the 

superior performance of the TiO2 transparent monolayer (cells 1 and 5) 

compared to the double-layer geometry (cell 3 and 4). The higher electron 

lifetime of the former cells is mostly due to the higher recombination resistance, 

while there are not significant differences in the chemical capacitance. This 

higher resistance leads to a lower back-electron transfer, resulting in higher 

photocurrents and, eventually, higher efficiency of the DSSC. These data 

therefore suggest that the best semiconductors layer architecture in combination 

with the DES-based electrolyte is the monolayer and not the double layer 

geometry, the latter being typically used in combination with conventional 

liquid electrolytes in organic solvents. Different monolayer thickness did not 

lead to significant differences in terms of electron lifetime and recombination 

resistance (cells 1 and 5).  
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Figure 2.16. Recombination resistance, chemical capacitance, and electron lifetime determined as a 

function of the bias potential of devices 1,3, 4, 5 of Table 2.7. 
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2.3 Hydrophobic-Eutectic-Solvent-based DSSC 
 

The presence of volatile organic compounds (VOCs) as electrolyte media in dye-

sensitized solar cells (DSSCs) limits their sustainable character and prevents 

widespread diffusion of this technology. This section reports, for the first time, 

the use of a hydrophobic eutectic solvent (HES) as truly eco-friendly electrolyte 

medium. The HES, consisting in a DL-menthol-acetic acid (1:1 molar ratio) 

mixture, has been tested in DSSCs in the presence of de-aggregating agents and 

a representative hydrophobic organic photosensitizer. The corresponding HES-

based devices displayed relatively good power conversion efficiencies in very 

thin active layers. In particular, the highest cell photovoltage detected in 

comparison to VOC-based devices may stem from a more efficient interface 

interaction, as suggested by EIS studies showing the highest charge 

recombination resistance and electron lifetime among all of the tested DSSCs.  

2.3.1 Introduction 

The increase in energy demand requires the urgent development of alternative 

and renewable energy technologies.76 In particular, in order to circumvent all of 

the issues deriving from the use of fossil fuels, such as climate crisis and 

shortage, a promising route is to foster new photovoltaic (PV) technologies 

aiming to easy-to-fabricate, efficient, and low-cost devices.77 In the last two 

decades, much attention has been paid to hybrid organic-inorganic thin film 

systems, such as dye- sensitized solar cells (DSSCs)49-50 and perovskite solar 

cells.78 DSSCs are based on a photo-active anode, comprising an inorganic n-

type semiconductor layer (typically TiO2) sensitized by a molecular organic or 

organometallic dye, a counter electrode, and a liquid electrolyte solution that 

completes the circuit and allows dye regeneration. By using a liquid electrolyte, 

Hanaya et al. reported a 14.7% record efficiency.79 Therefore, liquid DSSCs may 

be playing an important role in the future industrial development of low-cost 

solar cells with high power energy conversion efficiencies (PCEs).  
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One of the main drawbacks of liquid DSSCs, however, is the presence of a toxic 

and volatile organic compound (VOC) as an electrolyte medium, typically 

acetonitrile or a mixture of aliphatic nitriles. Indeed, leakage or evaporation of 

the VOC solvent produces a negative environmental impact and seriously limits 

the temporal stability of the PV efficiency. Thus, the presence of these VOCs is 

the most critical aspect from the standpoint of “greenness” as it hampers a truly 

sustainable development of the DSSC technology and prevents its widespread 

industrial use. The replacement of the liquid medium with a solid or quasi-

solid49, 52, 55-56 electrolyte or hole transporting material in a solid DSSC80 

circumvents this issue, but at the expenses of much lower PCEs. In the case of 

solid perovskite solar cells, high efficiency and the absence of liquid media have 

been usefully combined. The presence, however, of lead derivatives once again 

prevents us from defining this technology as genuinely and pervasively 

sustainable, both during and after its period of operational use. 

Deep eutectic solvents (DESs) have been introduced in the past decade as cost-

effective ionic liquid analogues because they are thermally stable, non-

flammable, non-toxic, and biodegradable. Because of their minimal ecological 

footprint, and thus environmental friendliness, DESs are attractive substitutes 

for ionic liquids, and are also progressively replacing VOCs in several 

fundamental and applied processes.1, 10, 81 They have been primarily investigated 

in extraction and separation processes,19-21 for metal electrodeposition,10 in 

polymerisation and material sciences,22-23 but have recently gained increasing 

attention also in other hot fields of science such as metal-,24-29 bio-,30-34 and 

organocatalysis,35-37 photosynthesis and electrochemistry,38-39 and 

organometallics26, 40-45 with surprising and unexpected results. 

The vast majority of eutectic solvents described in the literature are hydrophilic, 

and thus unstable in water. Conversely, hydrophobic DESs have been 

developed only very recently. In 2015, Kroon et al. first reported the preparation 

and the usefulness of hydrophobic DESs, consisting of a fatty acid and a 
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quaternary ammonium salt, for the recovery of volatile fatty acids from diluted 

aqueous solution,82 and for CO2 capture.83 Hydrophobic DESs consisting of 

decanoic acid and lidocaine in various proportions proved to be effective as well 

for the removal of metal ions from non-buffered water.84 In parallel, Marrucho 

et al. synthesized and characterized novel cheap, biodegradable, and 

hydrophobic eutectic mixtures composed of DL-menthol and several, naturally 

occurring hydrophilic carboxylic acids, namely acetic acid, pyruvic acid, L-lactic 

acid, and lauric acid, and tested their extraction efficiencies towards 

biomolecules such as caffeine, triptophan, isophthalic acid, and vanillin.85 

Marrucho’s group has also reported the successful use of this family of DESs for 

the extraction of pesticides from aqueous environment, and their reusability.86 

A tailor-made hydrophobic DES from methyl trioctyl ammonium chloride and 

1-butanol (1:4 molar ratio) has also been recently set up by Su and co-workers, 

and showed the highest extraction yield of bioactive Artemisinin from Artemisia 

annua leaves.87  

In the previous section, we have investigated the development of more 

environmentally friendly DSSCs, by combining a highly hydrophilic choline 

chloride-based DES with a specifically designed hydrophilic photosensitizer, 

which showed PCEs up to 1.9% at 0.5 sun, thereby comparable with the use of a 

conventional organic VOC medium or water under the same conditions.88 

Starting from these studies, the following work will focus on the first use in the 

field of solar energy of a menthol-based hydrophobic eutectic solvent as an 

alternative and promising eco-friendly and low-cost medium for liquid DSSCs 

exhibiting PV efficiency which well compares with VOC-based DSSCs. It is 

worth underlying that the employment of an hydrophobic, in place of the more 

common hydrophilic, DES allows the use of conventional, hydrophobic dyes as 

DSSC sensitizers, including the most efficient systems reported in the 

literature.79 This obviates the need to both adapt the molecular structure and to 

design new dyes for the aqueous media. 
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2.3.2 Choice of materials 

We have selected as a representative sensitizer a phenotiazine-based 

hydrophobic dye containing a terminal 8-carbon atom alkyl chain (PTZ-Th, 

Figure 2.17) that has been previously employed both in DSSCs89 and in the 

photocatalytic production of hydrogen.90 The DL-menthol-acetic acid (1:1 molar 

ratio) eutectic mixture has been selected as a representative HES because it 

displays very low viscosity compared to the other menthol-based eutectic 

mixtures developed (Figure 2.18).85 

 
Figure 2.17. Structure of molecule PTZ-Th. 

 

 
Figure 2.18. Structure of HES components: DL-menthol (left) and acetic acid (right). 

 

DSSC cells have been prepared using PTZ-Th as a sensitizer in the presence of 

chenodeoxycholic acid (CDCA) as a disaggregating co-adsorbent.65 Different 

types of TiO2 layers have been investigated including transparent and opaque 

active layers with different thicknesses to find the best operative conditions. The 

electrolyte medium is a DL-menthol-acetic acid (1:1) eutectic mixture, which has 

been further diluted with 10% v/v EtOH (one of the recommended eco-friendly 

solvents) to improve solubility of the electrolyte components and to reduce the 
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viscosity of the solution. The EtOH addition simplifies device preparation 

without altering the nature of the HES, as confirmed by FT-IR spectra performed 

both on pure and diluted HES (Figure 2.19). As shown by Marrucho and co-

workers, the formation of a network of hydrogen bonds between the carboxylic 

acid group (hydrogen bond donor) and the alcoholic group in DL-menthol 

(hydrogen bond acceptor), and thus of a eutectic mixture, is testified by a shift 

towards higher wavenumbers values of the carbonyl stretching absorption 

band.85 Recently, Edler has also reported that DES nanostructure is retained up 

to 42 wt% water dilution. Further dilution produces an aqueous solution of DES 

components.91 The perfect overlap of FT-IR spectra before and after ETOH 

dilution of the eutectic mixture is consistent with the solvophobic sequestration 

of EtOH into the eutectic mixture hydrogen bond network.  
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Figure 2.19. FT-IR spectra recorded for the pure DL-menthol-acetic acid 1:1 HES and of the same HES 

diluted with 10% v/v EtOH. 

The Z960 electrolyte (see Experimental Section) has been used as a conventional 

reference system for its wide use in DSSCs.92-96 The properties of HES-based 

DSSCs have been compared with DSSCs featuring the same components 

(semiconducting layer, sensitizers, electrolyte composition) but containing the 

conventional acetonitrile/valeronitrile 85:15 mixture as an electrolyte solvent.   
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2.3.3 Photovoltaic investigation 

Firstly, we have focused on the nature (transparency and thickness) of the TiO2 

layer. We have tested two different thicknesses for transparent TiO2 (2.5 and 5 

µm) as well as a 5-µm-thick opaque TiO2 layer. The results are summarized in 

Table 2.9 and in Figure 2.20. The efficiency of HES-based cells was similar for 

all of the three types of investigated photoanodes, with a PCE of ~ 2%. The best 

PCE has been recorded for the 2.5 µm transparent layer. These data well 

compare with the previous section of this thesis on hydrophilic DES in DSSCs,88 

thus confirming the suitability of hydrophobic DES in DSSCs.85-87 The 

unconventional HES brings a number of advantages, such as the use of routine 

alkyl-substituted record DSSC sensitizers, but without depressing the overall 

efficiency of the cell. The efficiency of the reference VOC cells was ~ 5%, in 

agreement with literature values for similar di-branched sensitizers.89-90, 97 In this 

case, the higher PCE has been recorded for the thicker opaque layer. In 

summary, PCE of HES- and VOC-based cells are almost in the same range of 

values, which is encouraging for future studies where more performing dyes 

and photoanodes, such as those yielding record efficiencies, might be used.  
Table 2.9. DSSC parameters with different TiO2 layers. 

Cell Electrolyte TiO2 layer Voc (mV) 
Jsc (mA 

cm-2) 
FF (%) 

PCE 

(%) 

1 VOC 2.5-µm 

transparent 

533 11.2 66 4.0 

2 DES 585 6.6 65 2.5 

3 VOC 5-µm 

transparent 

562 14.0 63 5.0 

4 DES 504 6.7 54 1.8 

5 VOC 
5-µm opaque 

582 15.5 62 5.5 

6 DES 530 7.2 53 2.0 
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Figure 2.20. J/V characteristics of DSSCs with organic or DES based electrolyte. 

 

A more detailed look at the PV characteristics revealed that the lower conversion 

efficiency mainly arose from the lower photocurrent, which was almost twice 

larger in the case of the VOC-based electrolyte. This result was expected since 

the presence of a viscous medium such as the HES weakens charge and mass 

transport in the electrolyte, thus leading to reduced currents. In contrast, fill 

factors were similar in both types of cells. More importantly, photovoltage of the 

HES-based 2.5-µm transparent device resulted higher than that of the 

corresponding VOC-based DSSC. The latter result is noteworthy in view of 

optimal PV characteristics in connecting cells to modules and panels.  

The second stage of performance optimization consisted in testing the effect of 

a co-adsorbent in order to depress dye aggregation and self-quenching of the 

excited states. For this and the subsequent investigation phases, only the best 

performing architecture of Table 2.9 has been considered (2.5-µm transparent 

photoanode layer). The standard CDCA (chenodeoxycholic acid) has been used 

as a co-adsorbent in 1:1 and 1:10 dye:CDCA ratios and compared with the 

sensitized cell in the absence of the co-adsorbent. The results, listed in Table 2.10 

and depicted in Figure 2.21, show that the effect of the presence of CDCA is 

negligible, likely due to the fact that the butterfly-like phenothiazine dye is less 
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subjected to aggregation phenomena compared to planar molecules. The 1:1 

ratio was selected for the next investigation phase as a good compromise 

between efficiency and amount of co-adsorbent. 

   
Table 2.10. DSSC parameters in the presence of different CDCA relative concentrations 

Cell Dye:CDCA Voc (mV) Jsc (mA cm-2) FF (%) PCE (%) 

1 1:0 533 7.0 55 2.0 

2 1:1 539 7.7 54 2.2 

3 1:10 562 7.4 54 2.2 

 
Figure 2.21. J/V characteristics of cells of Table 2.10. 

Finally, the PCE of the HES-based cell was further increased by using a less 

intense incident light, specifically 0.5 sun, comparable to diffuse light conditions 

(Table 2.11 and Figure 2.22). The final reached PCE after the optimization steps 

was 2.5%, in good agreement with previous DESs88 or aqueous DSSCs.57 

 
Table 2.11. Photovoltaic characteristics of best-performing DES-based DSSC. 

Incident light Voc (mV) Jsc (mA cm-2) FF (%) PCE (%) 

1 sun 537 6.6 58 2.1 

0.5 sun 521 4.0 60 2.5 
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Figure 2.22. J/V characteristics of the best performing cell at 1 and 0.5 sun. 

The incident photon to current efficiency (IPCE), that is the external quantum 

efficiency of the PV cell, has been measured for the best HES cell and the 

corresponding VOC cell (Figure 2.23). The IPCE spectra cover the whole visible 

range, in agreement with the absorption spectrum of the sensitizer adsorbed 

onto a TiO2 photoanode,98 with a peak of nearly 50% from ca. 490 to 560 nm for 

HES-based cell and of about 70% for the VOC-based one. The differences in the 

IPCE values match the different experimental photocurrents. The shape of the 

IPCE spectrum also closely resembles that of the device containing the 

hydrophilic DES,88 however, with an enhancement in the photoconversion due 

to a possible better charge transport in the electrolyte as demonstrated by the 

experimental data.   
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Figure 2.23. IPCE plots of the HES-based best performing cell (red line) and of the corresponding VOC-

based cell (black line). 

Since we expect that the role of the hydrophobic DES, in comparison with the 

VOC solvent, should be more critical at the different interfaces involving the 

electrolyte medium (in particular the dye-TiO2/electrolyte interface), we 

decided to use electrochemical impedance spectroscopy (EIS) to focus on 

interfaces and charge recombination phenomena.73-75 In an EIS experiment, a 

small sinusoidal voltage stimulus of a fixed frequency is applied to an 

electrochemical cell and its current response measured. The behaviour of an 

electrochemical system can be investigated by sweeping the frequency over 

several orders of magnitude (generally from a few mHz to several MHz). The 

analysis of the impedance spectra was performed in terms of Nyquist plots 

(Figure 2.24), where the imaginary part of the impedance is plotted as a function 

of the real part of the range of frequencies. Under soft illumination (0.25 sun), at 

open circuit voltage conditions, the properties of the sensitized TiO2/electrolyte 

interface can be derived from the Nyquist plot in terms of recombination 

resistance (Rrec) and chemical capacitance (Cµ), which have been obtained by 

fitting the data with the equivalent circuit reported in the inset of the 

corresponding Figure. The apparent electron lifetime τn can also be calculated 

from τn = Rrec ´ Cµ.73, 99 The results of the EIS investigation are summarized in 

Table 2.12. 
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Figure 2.24. EIS data plots of DSSCs 1 and 2 from Table 2.9 with VOC- and HES-based electrolyte, 

respectively.  

Table 2.12. Parameters calculated from EIS data plots of DSSCs with VOC- and DES-based electrolyte. 

Electrolyte Rrec (Ω cm2) Cµ (F cm-2) τn (ms) 

VOC 0.4 1.1 ´ 10-4 0.05 

DES 1.0 6.1 ´ 10-5 0.06 

 

Remarkably, the relevant EIS parameters collected in Table 2.12 show that the 

interface phenomena operating in the VOC- and HES-based devices are 

substantially different. The most critical parameter is the charge recombination 

resistance between the sensitized oxide and the electrolyte, which controls the 

extent of the detrimental charge recombination, that is the back-transfer of 

electrons from TiO2  to the oxidized form of the electrolyte redox species. In 

particular, a smaller Rrec indicates a faster charge recombination and therefore a 

larger dark current and a lower device voltage.49 Since the recombination 

resistance controls how the generated charge may be lost, this parameter is key 

for the maximum performance attainable for the cell.  

Most notably for the scope of this section, the Rrec value of the HES-based DSSC 

is more than twice higher than that of the conventional device based on the VOC 

medium, thus showing that charge recombination rates are much smaller in the 

former cell. This finding suggests that the presence of the hydrophobic DES 
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solvent in place of the conventional organic medium positively affects the 

critical dye-TiO2/electrolyte interface, thereby minimizing unwanted pathways 

and possibly improving performances. Accordingly, the cell photovoltage of the 

HES-based cell is significantly higher (Table 2), improving from 0.53 V in the 

VOC electrolyte to almost 0.6 V. Accordingly, the electron lifetime of the HES-

based cell resulted higher than that of the VOC-device though in this case 

differences are smaller due to the higher chemical capacitance of the latter.    
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2.4 Experimental section 
All common reagents were obtained from commercial suppliers (Sigma-Aldrich 

or Alfa Aesar) at the highest purity grade and used without further purification. 

The photosensitizer 3,3’-[5,5’-[10-[2-[2-(2-methoxyethoxy)ethoxy]ethyl]-10H-

phenothiazine-3,7-diyl]bis(thiophene-5,2-diyl)]bis(2-cyanoacrylic acid) (PTZ-

TEG) and PTZ-GLU have been prepared according to the literature.64 The 

photosensitizer 3,3’-(5,5’-(10-Octyl-10H-phenothiazine-3,7-diyl)bis(thiophene-

5,2-diyl))bis(2-cyanoacrylic acid) (PTZ-Th) has been prepared according to the 

literature.90 The co-adsorbents chenodeoxycholic acid (CDCA) (Sigma-Aldrich) 

and glucuronic acid (GA) (Sigma-Aldrich) have been obtained from a 

commercial supplier and used without further purification. Solaronix Mosalyte 

TDE-250 (a high performance non-volatile electrolyte, based on a 1-ethyl-3-

methylimidazolium iodide; 1,3-dimethylimidazolium iodide; 1-ethyl-3-

methylimidazolium tetracyanoborate mixture), FTO-coated glass plates (2.2 mm 

thick; sheet resistance ~7 ohm per square; Solaronix), Dyesol 18NR-T TiO2 blend 

of active 20 nm anatase particles and Solaronix R/SP TiO2 blend of > 100 nm 

anatase scatter particles were purchased from commercial suppliers. UV–O3 

treatment was performed using Novascan PSD Pro Series–Digital UV Ozone 

System. The thickness of the layers were measured by means of a VEECO 

Dektak 8 Stylus Profiler. 

Z960 composition: 1.0 M 1,3-dimethylimidazolium iodide, 0.03 M iodine, 0.1 M 

guanidinium thiocyanate, 0.5 M tert-butylpyridine, 0.05 M LiI in a mixture of 

acetonitrile and valeronitrile (85/15, v/v). 

DES preparation 

Choline chloride-glycerol DES  

The eutectic mixtures of choline chloride (Alfa Aesar)-glycerol (Alfa Aesar) (1:2 

mol mol-1) was prepared by heating under stirring up to 60 °C for 10 min the 

corresponding individual components until a clear solution was obtained. 

DL-menthol-acetic acid HES 
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The employed DL-menthol-based eutectic mixture was prepared by adding 

acetic acid (the hydrogen bond donor) to DL-menthol in a 1:1 molar ratio. The 

corresponding mixture of the two compounds was then heated up to 50 °C until 

a clear solution was obtained (15 min), and then cooled down slowly to room 

temperature. Then, it was diluted with 10% v/v EtOH. 

DES-DSSC preparation 

DSSCs have been prepared adapting a procedure reported in the literature.100 In 

order to exclude metal contamination, all of the containers were in glass or 

Teflon and were treated with EtOH and 10% HCl prior to use. Plastic spatulas 

and tweezers have been used throughout the procedure. FTO glass plates were 

cleaned in a detergent solution for 15 min using an ultrasonic bath, rinsed with 

pure water and EtOH. After treatment in a UV-O3 system for 18 min, the FTO 

plates were treated with a freshly prepared 40 mM aqueous solution of TiCl4 for 

30 min at 70 °C and then rinsed with water and EtOH.  

In the case of the cells with blocking layer, the treatment with TiCl4 is replaced 

by a spray pyrolysis deposition of a solution of 20 mM titanium diisopropoxide 

bis(acetylacetonate) (Sigma-Aldrich) in anhydrous isopropanol at 450 °C for 30 

min and then allowed to cool down to room temperature. 

A transparent layer of 0.20 cm2 was screen-printed using a 20-nm transparent 

TiO2 paste (Dyesol 18NR-T). The coated transparent film was dried at 125 °C for 

5 min and when needed another layer was screen-printed by using a light 

scattering TiO2 paste with particles >100 nm (Solaronix R/SP). The coated films 

were thermally treated at 125 °C for 5 min, 325 °C for 10 min, 450 °C for 15 min, 

and 500 °C for 15 min. The heating ramp rate was 5-10 °C/ min. The sintered 

layer was treated again with 40 mM aqueous TiCl4 (70 °C for 30 min), rinsed 

with EtOH and heated at 500 °C for 30 min. After cooling down to 80 °C, the 

TiO2 coated plate was immersed into a 0.2 mM solution of the dye in the 

presence of the co-adsorbent (typically 1:10 glucuronic acid) for 20 h at room 

temperature in the dark.  
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Platinum-based counter electrodes were prepared according to the following 

procedure: a 1-mm hole was made in a FTO plate, using diamond drill bits. The 

electrodes were then cleaned with a detergent solution for 15 min using an 

ultrasonic bath, 10% HCl, and finally acetone for 15 min using an ultrasonic bath. 

Then, a 10 µL of a 5 × 10-3 M solution of H2PtCl6 in EtOH was added and the 

electrodes were thermally treated at 500 °C for 30 min.  

PEDOT-based counter electrodes were prepared adapting a literature 

procedure.72 Electropolymerization of EDOT (Sigma-Aldrich) was performed 

with an Autolab Potentiostat/galvanostat PGStat302N in the galvanostatic 

mode; a two-electrode cell with a 2 cm × 3.75 cm FTO glass as counter electrode 

and a predrilled washed 2 cm × 3.75 cm FTO glass as working electrode was 

used and a constant current of 0.602 A was applied for 400 s (film thickness 

about 560 nm, measured by profilometry). 

The dye sensitized TiO2 electrode and the counter electrode were assembled into 

a sealed sandwich-type cell by heating with a hot-melt ionomer-class resin 

(Surlyn 30-µm thickness) as a spacer between the electrodes.  

The electrolyte solution was prepared by mixing at room temperature iodine, KI 

or PMII, and if necessary additives (i.e. GuSCN, 4-picoline, 4-tert-Butylpyridine, 

or pyridine) in the proper eutectic solvent (40% aqueous diluted DES or EtOH 

diluted HES) and kept in dark in the air. The electrolyte solution is used within 

one week from preparation. A drop of the electrolyte solution was added to the 

hole and introduced inside the cell by vacuum backfilling. Finally, the hole was 

sealed with a sheet of Surlyn and a cover glass. A reflective foil at the back side 

of the counter electrode was taped to reflect unabsorbed light back to the 

photoanode.  

DES-DSSC measurements 

Photovoltaic measurements of DSSCs were carried out using a 500 W xenon 

light source (ABET Technologies Sun 2000 Solar Simulator). The power of the 

simulated light was calibrated to AM 1.5 (100 mW cm−2) using a reference Si 
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photodiode. Values were recorded immediately after cells assembling. I–V 

curves were obtained by applying an external bias to the cell and measuring the 

generated photocurrent with a Keithley model 2400 digital source meter. 

Incident photon-to-current conversion efficiencies (IPCEs) were recorded as a 

function of excitation wavelength (between 300–800 nm), using a 

monochromator (HORIBA Jobin Yvon) and a 400 W xenon lamp as incident 

light, in AC mode. The monochromatic light was mechanically chopped 

(chopping frequency of 1 Hz) and the AC-photocurrent response was measured 

using a lockin-amplifier. A white light bias (0.3 sun) was applied to the sample 

during IPCE measurements.  

Dye loading 

The amount of adsorbed dye has been measured for each sample by desorbing 

the dye, after the photovoltaic investigation on the dye-coated films, using a 0.1 

M solution of NaOH in EtOH–H2O (1:1) and by measuring its UV-Vis spectrum 

in a known volume of the solution. Comparison with the spectra of freshly 

prepared solutions of the dye in the same solvent, at known concentrations, are 

used to determine the amounts of desorbed dye. 

Electrochemical impedance spectroscopy 

Electrochemical Impedance Spectroscopy (EIS) spectra were obtained using an 

Eg&G PARSTAT 2263 galvanostat-potentiostat. Measurements were performed 

in the 100 kH 0.1 Hz frequency range using an AC stimulus of 70 mV under dark 

conditions and with different applied voltages including open circuit 

conditions. 
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3 Chapter 3: Water splitting in dye-sensitized 
photoelectrochemical cells (DS-PEC) 

 

Aim of this section 

 

Metal-free organic sensitizers with di-branched configuration, bearing different 

heteroaromatic donor moieties, have been employed in a systematic study upon 

the effect of the sensitizers at the photoanode in the photoelectrochemical 

hydrogen production. Namely, phenothiazine, phenoxazine and carbazole 

based dyes, have been tested in presence of a sacrificial electron donor (SED) to 

evaluate hydrogen production, charge transfer phenomena and the external 

quantum efficiency (EQE) of the system. Moreover, the three sensitizers have 

been tested in presence of a common water oxidation catalyst (WOC) to 

preliminary evaluate the stability in photoelectrochemical water splitting and 

hydrogen and oxygen evolution. According to experimental data, the 

phenothiazine based derivative PTZ-Th has been recognized as the best 

performing sensitizer, considering its superior light harvesting capability and 

more efficient electron injection into the semiconductor, in photoelectrochemical 

waters splitting.   
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3.1 Introduction 
 

The unprecedented technological development of the last century has been 

accompanied by critical issues related to the retrieval and consumption of 

natural resources for the production of energy, in particular the massive use of 

fossil fuels like natural gas, oil and coal.1 This intensive use has been associated 

to relevant emergencies, including pollution and climate crisis. It is therefore 

urgent to reduce the use of fossils for fuel production and develop and make 

accessible new sustainable fuels for transportation and other uses.2-3 Nature 

provides us sunlight and basic elements to synthesize biomasses that, during 

millennia, have been transformed in fossil fuels.  This suggests the use of solar 

energy and abundant and renewable sources to provide the fuels for the new 

millennium.  

The main problem in the conversion of solar energy into electricity or fuels is 

that the involved processes are threshold-limited, and this implies consequences 

on conversion efficiency. Furthermore, the solar energy is discontinuous and 

subject to intensity fluctuations due to diurnal cycles and atmospheric 

conditions. Therefore, storage of solar energy is needed to make this route viable 

for society needs. Present strategies for storing the excess of electricity have been 

the use of batteries4 and the production of solar fuels via photovoltaics in 

combination with electrolyzers, a solution which implies too demanding costs.5 

A good alternative strategy to store solar energy is the direct conversion into 

chemical energy mimicking natural photosynthesis.6  

In the field of artificial photosynthesis, many efforts have been done in the last 

years to provide a reliable system to produce solar fuels from water and 

sunlight. Photocatalytic and photoelectrochemical methods have been 

extensively exploited to solve this issue.7-11 Even if the photocatalytic approach 

has been more extensively investigated for its greater device 

straightforwardness, it is not intrinsically capable to produce hydrogen and 



 

 130 

oxygen separately. Therefore, photoelectrochemical cells (PEC) are considered 

to be the best option for generating solar fuels from sunlight and water.  

Dye-sensitized photoelectrosynthesis or photoelectrochemical cells (DS-PEC) 

appear to be the best compromise between efficiency and technical issues. This 

device integrates molecular sensitizers, able to efficiently harvest the visible 

portion of the solar spectrum, and a high band-gap semiconductor in a structure 

like the one used in dye-sensitized solar cells (DSSC).12-20  

A DS-PEC is constituted by a (photo)anode and a (photo)cathode where water 

oxidation and reduction, respectively, take place. Compared to a PEC, where the 

water splitting processes at the electrodes are performed by the same 

component, e.g. a semiconductor,21 in a DS-PEC the different steps are separated 

and operated by different components, which gives the opportunity of separate 

optimization. In a DS-PEC, light harvesting and charge injection are played by 

a dye-sensitizer. Injected charges (electrons in a photoanode or holes in a 

photocathode) are then transferred from the dye excited state to a n- or p-type 

semiconductor, respectively. Consequently, a radical cation or anion of the dye 

is produced. The neutral dye is regenerated by the extraction of electrons from 

a water oxidation catalyst (WOC), in the case of a photoanode, and holes from a 

water reduction catalyst (WRC), in the case of a photocathode, affording, after 

process reiterations, water oxidation and reduction at the water-catalyst 

interface. In the photoelectrochemical production of solar fuels, the bottleneck 

appears to be the water oxidation process, because of its four-electron nature. A 

related problem is the low stability of molecules at the very positive potentials 

needed to drive the reaction.22 

It is evident that DS-PEC have a greater potential compared to PEC since the 

fundamental steps of light harvesting and charge generation are fulfilled by the 

dye, that can be specifically designed to optimize these abilities. Therefore, the 

design of the dye is a critical step. The optimal dye-sensitizer should be easy to 

synthesize and purify, not toxic, based on earth abundant elements, and have a 
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reproducible and low cost batch-to-batch preparation. In addition, the structure 

of the dye should allow optimal tuning of optical (wide and strong light 

harvesting) and electronic (charge donation and extraction) properties and 

proper interface and solubility characteristics.  

In the last decade, few molecular sensitizers have been explored to improve the 

effectiveness of DS-PEC, compared to the wide engagement on the front of the 

oxidation and, to a less extent, reduction catalysts. The research on 

photosensitizers has been mostly focused on conventional organometallic 

dyes,23-35 while the exploitation of metal free organic sensitizers has been so far 

very limited.36-44 This fact is even more surprising if we consider the massive 

literature in organic dyes for other solar related applications such as DSSC,45-47 

and dye sensitized photocatalytic hydrogen generation.8  The most extensively 

used organometallic dyes are Ru(II) polypyridyl complexes either as 

photosensitizers or as catalysts due to their interesting properties such as 

stability in water and suitable electronic and optical properties.26, 31, 48 However, 

the use of Ru(II) and other metal complexes implies a number of critical issues 

such as higher costs, limited natural abundance, limited absorption spectra 

flexibility, and, in some cases, toxicity.  The extensive use of metal-free 

sensitizers would imply a number of relevant advantages such as low cost 

synthesis, ready industrial scale-up, and virtually unlimited tuning of optical 

and electronic properties. The design of efficient DS-PEC organic sensitizers is 

then urgent and could be an important breakthrough in the field of water 

splitting, like what has happened with DSSC. 

We have recently reported a series of di-branched donor-(π-acceptor)2 

phenothiazine-based sensitizers (PTZ) functionalized with an alkyl terminal and 

containing different thiophene-based spacers.49 These sensitizers have already 

been successfully employed in photocatalytic hydrogen production exhibiting 

enhanced efficiency and stability under solar irradiation in the long term. 

Furthermore, a study by our group upon the effect of molecular design on 
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photocatalytic activity has pointed out the superior efficiency of carbazole (CBZ) 

based derivatives compared to the PTZ analogues. The molecular design of 

these dyes appears highly appropriate to the use as sensitizers also in the anodic 

sensitization of a DS-PEC. 

In this section, the effect of molecular design of the dye, depicted in Figure 3.1, 

on the electronic properties, stabilities, and photoinduced electron transfer 

properties in a water splitting photoelectrochemical cell has been investigated 

in presence of a sacrificial electron donor and a ruthenium based WOC. The 

series of sensitizers has been completed with the inclusion of a phenoxazine 

(POZ) derivative, which shares with PTZ the same geometrical and 

functionalization pattern but where the bridge sulphur atom has been replaced 

by an oxygen atom. In order to investigate in details the light harvesting and 

charge generation, transport, and collection mechanisms, the water oxidation 

step has been bypassed by replacing the WOC with a sacrificial electron donor 

(SED), which is irreversibly oxidized in place of water with a faster and more 

straightforward monoelectronic process.50 The study of a DS-PEC in presence of 

a SED is then important for sensitizer molecular design, since the recorded 

results reflect the properties of the dye absorbed onto the semiconductor and its 

interaction with the electrolyte, discarding all the problems that can arise from 

the interaction with the WOC and the much slower dye regeneration due to 

water oxidation. By keeping in mind the central role of the organic sensitizers, 

we have selected commonly used SED and WOC, for a ready evaluation of 

effectiveness of the work. We selected hydroquinone (H2Q) as a SED, because of 

its interesting properties and different oxidation potential and mechanism.39 

Finally, we have chosen the common benchmark [Ru(bda)(pic)2] (bda = 2,2’-

bipyridine-6,6’-dicarboxylate, pic = 4-picoline) as a WOC to be used in 

solution.29-30, 51  
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Figure 3.1. Dyes and catalyst investigated in this section. 

3.2 Choice and properties of the dyes 

Three different dyes with substantial structural differences have been tested 

during this study on organic sensitizers for DS-PEC. We decided to investigate 

the influence of different donor group over the photoelectrochemical water 

splitting. The main difference lies in the choice of carbazole (CBZ) electron donor 

group over two different azine-based donor moieties, namely phenothiazine 

(PTZ) and phenoxazine (POZ): the first was a planar building block,52 the others 

were butterfly-like structures containing oxygen (POZ) or sulphur (PTZ).53-54 

The sensitizers were synthesized according to a procedure previously reported 

in literature,55 and their optical properties, as well as electrochemical properties, 

were investigated and the data summarized in Table 3.1. The UV-Vis 

investigation, both in solution and adsorbed onto a transparent 3.5-µm-thick 

TiO2 film, was performed and the results depicted in Figure 3.2. 

 
Figure 3.2. UV-Vis spectra of the investigated dyes in 10-5 M solution in DMSO (A) and adsorbed onto a 

3.5-µm transparent TiO2 photoanode (B). 
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Since we were interested in the photoelectrochemical properties of the sensitized 

photoanodes, it was important to evaluate the absorption spectra of such 

sensitizers adsorbed on the semiconductor. As it was possible to notice, after 

absorption on TiO2, there was a broadening of the absorption band up to about 

720 nm in the case of POZ-Th, whereas the absorption edge in the case of the 

solution was located at about 580 nm. The same behaviour was observed also 

for the other dyes. The amount of dye adsorbed was evaluated after desorption 

in a 0.1 M NaOH solution in water/ethanol 1:1 v/v and reported in Table 3.2. 

The CBZ-Th absorbed was almost twice as much as PTZ-Th and POZ-Th; this 

can be due to the different conformation of the molecules. As already said, in 

fact, PTZ-Th and POZ-Th has a butterfly-like structure whereas the CBZ-Th is 

planar: in this way, the latter is able to pack itself on the TiO2 surface better than 

PTZ-Th and POZ-Th, which usually form a monolayer of dye. This data well 

matches the UV-Vis spectrum on TiO2: CBZ-Th absorbance is double that of the 

other two dyes. 

Cyclic voltammetry (CV) curves (Figure 3.3), collected in 0.1 M TBABF4 in 

CH3CN, showed a quasi-reversible behaviour for the oxidation process in all the 

investigated dyes, both in solution55 and on transparent 3.5-µm-thick TiO2 film. 

The LUMO levels were derived from electrochemical HOMO values in solution 

and optical bandgaps, measured by means of Tauc plots.56 HOMO and LUMO 

values are reported in Table 3.1 and in Table 3.2 and depicted in Figure 3.4 

together with the oxidation potential of SED57 and WOC, calculated on E½.51 
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Figure 3.3. CV of dyes CBZ-Th, POZ-Th and PTZ-Th on TiO2 films in 0.1 M TBABF4 in CH3CN, at a 

scan rate of 100 mV s-1. 

 
Figure 3.4. Energy levels scheme of the investigated dyes, of the SED (H2Q) and of the Ru-WOC 

Even if the HOMO energy levels measured in solution were fairly similar for 

CBZ-Th and POZ-Th dyes (~ -5.60 eV), the different bandgaps significantly 

affected their LUMO energies, and thus the electron injection efficiency to the 

TiO2 semiconductor. In particular, the LUMO energy of the POZ-Th dye was 

very close to the conduction band (CB) of TiO2 (-4.0 eV).58 

In the case of the sensitized films, HOMO energy levels measured showed a 

larger shift in energies compared to the values measured in solution. Otherwise, 

considering the different values of the energy bandgaps obtained evaluating the 

UV-Vis absorption edge, the calculated LUMO energy were fairly similar for 
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CBZ-Th and POZ-Th dyes (~ -3.70 eV), and slightly higher for the PTZ-Th dye 

(~ -3.80 eV). 
Table 3.1. Main optical and electrochemical characterization of the CBZ, POZ, and PTZ dyes in 

solutiona. 

Sample 
λmaxb 
(nm) 

λonsetb 
(nm) 

εb 
(M-1 cm-1) 

Voxb 
(V vs Fc) 
± 10 mV 

HOMOb,c 
(eV) 

± 0.05 eV 

Egapopt b 
(eV) 

LUMO b,c 
(eV) 

± 0.05 eV 

CBZ-Th 414 475 
35800 
± 100 

0.41 -5.64 2.26 -3.38 

POZ-Th 534 625 
31800 
± 1500 

0.41 -5.64 1.87 -3.77 

PTZ-Th 470 578 
34 000 
± 1 000 

0.15 -5.38 2.05 -3.33 

a Ref. 55. b Dye solution 10-5 M in DMSO. c Vacuum potential = Fc/Fc+ + 5.23 V. 

 
Table 3.2. Main optical and electrochemical characterization of the sensitizers adsorbed onto 3.5-µm 

transparent TiO2 photoanode film. 

Sample 
λmaxa 
(nm) 

λonseta 
(nm) 

Dye 
loading 

(µmol cm-2) 

Voxa 
(V vs Fc) 
± 10 mV 

HOMOa,b 
(eV) 

± 0.05 eV 

Egapopt a 
(eV) 

LUMO a,b 
(eV) 

± 0.05 eV 

CBZ-Th 491 620 0.115 0.53 -5.73 2.00 -3.73 

POZ-Th 534 746 0.0617 0.15 -5.38 1.66 -3.72 

PTZ-Th 492 728 0.0685 0.25 -5.48 1.70 -3.78 

a 3.5-µm transparent TiO2 photoanode. b Vacuum potential = Fc/Fc+ + 5.23 V. 

 

 

3.3 Photoelectrochemical measurements 
The photoelectrochemical characterization was performed in a three-electrode 

configuration purpose-designed photoelectrochemical cell (Figure 3.5). The 

sensitized TiO2 photoanodes (prepared by screen-printing a commercial TiO2 
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paste on FTO glass) were used as working electrode (WE), whereas a platinum 

wire as counter electrode (CE) and an Ag/AgCl 3 M KCl electrode as a pseudo-

reference (RE). Aqueous phosphate buffer solution (PBS), prepared using 

commercially available PBS tablets (Sigma Aldrich) and 0.5 M KNO3, was 

chosen as electrolyte and the current has been recorded under chopped 

irradiation (0.75 sun AM 1.5 G filtered l > 400 nm (0.70 sun)).  

 
Figure 3.5. Scheme of our three-electrode configuration purpose-designed PhotoElectrochemical Cell. 

The choice of this unusual solution, instead of the more common 0.1 M PBS 

solution,39 was justified by a better performance recorded during photocurrent-

time measurements. In fact, Figure 3.6 reports a chronoamperometry (CA) 

measurement performed on the same dye (CBZ-Th) with both the standard PBS 

composition and the one with KNO3 added that was chosen for this study; it is 

evident that the latter solution offers better and more stable performances over 

time. 
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Figure 3.6. Chronoamperometry of TiO2 films sensitized with CBZ-Th dye in pH 6.5 PBS 0.1 M (black 
line) and pH 6.5 PBS from commercial tablets, KNO3 0.5 M (red line), with H2Q as an irreversible SED 
under irradiation (700 W m-2 AM 1.5 G filtered l > 400 nm) with an external bias of ~ 0.59 V vs RHE. 

The experiments have been performed in presence of electrolyte itself and in 

presence of hydroquinone (H2Q) as an irreversible SED (vide infra). 

Upon photoexcitation, an electron of the absorbed dye (TiO2/dye) is promoted 

to the LUMO level (TiO2/dye*, Eq. 1) and then injected into the TiO2 conduction 

band (CB) from the sensitizer through an electron transfer (et) mechanism, 

generating a radial-cation specie (TiO2(e-)/dye+•, Eq. 2). The dye+• is restored to 

its ground state by reaction with hydroquinone (H2Q) in solution, that is thus 

oxidized to a semiquinone radical-anion (Q-•, Eq. 3).59 This process generates 

two protons and, at the end, two radical-anions can react and lead to the overall 

rapid disproportionation of two molecules of semiquinone radical-anion to 

quinone (Q) and H2Q.60 This photooxidative process is shown in Scheme 1. 
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Scheme 1. Photocatalytic process in presence of H2Q as SED 

To evaluate the best external bias to be used in the photoelectrochemical 

measurements, linear sweep voltammetries (LSV) in dark and under irradiation, 

sweeping from -0.19 to 1.09 V vs RHE, were performed on the differently 

sensitized photoanodes. In order to have a proof of the effect of the SED, the 

same measurement has been performed both with and without the SED in the 

electrolyte solutions. The results of the LSV experiments are depicted in Figure 

3.7 and Figure 3.8. 

 
Figure 3.7. Linear sweep voltammograms of TiO2 films sensitized with the investigated dyes in pH 6.5 
PBS, KNO3 0.5 M, without SED under irradiation (700 W m-2 AM 1.5 G filtered l > 400 nm, dashed 

line) and in dark (solid line) at a scan rate of 20 mV s-1. 
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Figure 3.8. Linear sweep voltammograms of TiO2 films sensitized with the investigated dyes in pH 6.5 
PBS, KNO3 0.5 M, with H2Q as irreversible SED under irradiation (700 W m-2 AM 1.5 G filtered l > 

400 nm, solid line) and in dark (dashed line) at a scan rate of 20 mV s-1. 

The almost complete absence of any difference between the signal recorded in 

dark and the one recorded in light conditions in the cell containing the PBS 

without SED (Figure 3.7) was an unambiguous clue that the SED was absolutely 

necessary in order to regenerate the dye and, so, allow the system to work. 

The profile of the LSV voltammograms of the sensitized photoanodes recorded 

in PBS in presence of H2Q as a SED (Figure 3.8) was in good agreement with the 

cyclic voltammograms recorded in presence of organic-based electrolyte (Figure 

3.3). As working potential, we decided to use the potential that maximized the 

light/dark ratio, and to be able to use the same external bias, we decided to 

perform measurements at 0.59 V vs RHE (0 V vs Ag/AgCl).  

Photocurrent-time measurements in presence of the H2Q in PBS solution at pH 

6.5 were shown in Figure 3.9, and were carried out at about 0.6 V vs RHE as 

external bias in presence of a Pt wire as CE. The recorded photocurrents values 

were collected in Table 3.3. As it was possible to notice, the highest initial 

photocurrent was reached by the PTZ-Th dye with a value of 1.66 mA cm-2, a 
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lower value was yielded by the CBZ-Th with 0.98 mA cm-2 whereas the POZ-

Th started with a value of 0.94 mA cm-2.  

 
Figure 3.9. Chronoamperometry of TiO2 films sensitized with the investigated dyes in pH 6.5 PBS, KNO3 
0.5 M, with H2Q as irreversible SED under irradiation (700 W m-2 AM 1.5 G filtered l > 400 nm) with 

an external bias of ~ 0.6 V vs RHE. 

A longer CA measurement allowed to study the stability of the system and also 

to measure the gas evolution, in this case hydrogen in the cathodic 

compartment. All the three dyes tested in DS-PEC had a photocurrent loss 

during time, but the proportion was different. CBZ-Th started with the same 

current of PTZ-Th but finished with the same current of POZ-Th, so it was 

evident that the behaviour of the dyes was different. 
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Figure 3.10. Chronoamperometry of TiO2 films sensitized with the investigated dyes in pH 6.5 PBS, 

KNO3 0.5 M, with H2Q as an irreversible SED under irradiation (700 W m-2 AM 1.5 G filtered l > 400 
nm) with an external bias of ~ 0.59 V vs RHE over a 2-hour illumination period. 

The capability of photoanodes to transform photons in electrons was also 

evaluated through the incident photon to current efficiency (IPCE), or external 

quantum efficiency (EQE), measurement with added H2Q (Figure 3.11).  

 

 
Figure 3.11. Incident photon to current efficiency (IPCE) data of sensitized TiO2 films in pH 6.5 PBS, 

KNO3 0.5 M, with H2Q as an irreversible SED under monochromatic irradiation with an applied bias of ~ 
0.6 V vs RHE. 

For all the investigated dyes, there was a good match between the recorded IPCE 

spectral range and the absorption spectra on TiO2. The intensity of the signal, 
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instead, qualitatively reflected the current density measured, so that the PTZ-

Th showed the highest value with an impressive 24% maximum at 480 nm while 

the POZ-Th had the lowest IPCE.  

 

Since we obtained interesting results in the DS-PEC using a SED, we also wanted 

to test our dyes using a WOC in order to perform the water oxidation reaction. 

Usually, two different methods were employed to study dye-sensitized 

photoanodes in presence of a catalyst: co-deposition of dye and catalyst onto the 

semiconductor or deposition of a covalently-linked dye-catalyst dyad. Since in 

this work we focused our attention on the dye sensitizer and not on the water-

splitting performance in presence of a catalyst, for sake of simplicity we decided 

to employ a catalyst dissolved in the buffer solution instead of the two most 

common approaches. In this case, it was well known that the efficiency would 

have been far lower than with co-adsorbed catalyst onto TiO2. Nevertheless, we 

believed that in this work, focused on photosensitizers comparison, the simpler 

approach of non-absorbed catalyst in solution was enough, yet allowing for 

lower quantities of gas generated. We chose a catalyst commonly used for dye-

sensitized water splitting, even if with different sensitizing systems, the 

Ru(bda)(pic)2.30, 51 

The same photoelectrochemical measurements shown above were performed 

using the Ru-based WOC depicted in Figure 3.1 (Ru(bda)(pic)2), dissolved in pH 

6.5 PBS, 0.5 M KNO3, at 0.2 mM concentration. The photoanode and the Pt-

cathode compartments of the cell were separated by a Nafion® Proton Exchange 

Membrane (PEM). 

The LSV voltammograms showed a lower current density than that with the 

H2Q as a SED and this was clearly due to the more complex and energy-

demanding 4-electron process for water oxidation (Figure 3.12). It was however 

possible to see a clear difference between dark and light signal for all the three 

dyes investigated. The highest light/dark ratio in this case was reached at a bias 
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of 0.79 V vs RHE (0.2 V vs Ag/AgCl), so the chronoamperometric measurements 

were carried out at this potential. 

 
Figure 3.12. Linear sweep voltammograms of TiO2 films sensitized with the investigated dyes in pH 6.5 

phosphate buffer solution, KNO3 0.5 M, in presence of Ru(bpa)(pic)2 as a WOC under irradiation (700 W 
m-2 AM 1.5 G filtered l > 400 nm, solid line) and in dark (dashed line) at a scan rate of 20 mV s-1. 

 

Photocurrent-time measurements in presence of the Ru-catalyst in PBS solution 

at pH 6.5 were shown in Figure 3.13, and were carried out at about 0.79 V vs 

RHE as external bias in presence of a Pt wire as CE. The recorded photocurrents 

values were collected in Table 3.3. In this case, the initial photocurrent was 

similar for all the dyes, PTZ-Th started with a value of 0.22 mA cm-2, CBZ-Th 

dye starting with a value of 0.23 mA cm-2 and POZ-Th of 0.04 mA cm-2. 
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Figure 3.13. Chronoamperometry of TiO2 films sensitized with the investigated dyes in pH 6.5 phosphate 
buffer solution, KNO3 0.5 M, in presence of Ru(bpa)(pic)2 as a WOC under irradiation (700 W m-2 AM 

1.5 G filtered l > 400 nm) with an external bias of ~ 0.79 V vs RHE. 

Chronoamperometric measurements were also performed over a two-hour 

illumination period to investigate the stability of the dyes on TiO2 and also the 

production of oxygen and hydrogen (Figure 3.14). On the contrary of the plots 

recorded with DS-PEC containing SED, in presence of WOC the photocurrent 

density generated by the photoanodes increased over time. Regarding the trend 

of the dyes, they followed the same measured in presence of SED, with the best 

performance given by PTZ-Th, followed by CBZ-Th and POZ-Th. 

 
Figure 3.14. Chronoamperometry of TiO2 films sensitized with the investigated dyes in pH 6.5 PBS, 

KNO3 0.5 M, in presence of [Ru(bda)(pic)2] as a WOC under irradiation (700 W m-2 AM 1.5 G filtered l 
> 400 nm) with an external bias of ~ 0.79 V vs RHE over a 2-hour illumination period. 
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The gas production was measured with a gas-chromatograph. While it was 

possible to easily detect the amount of hydrogen evolved, for oxygen it was 

possible to see the signal but not to easily quantify it. For this reason, a first test 

has been run to verify that both dyes and WOC could properly work and give 

origin to the water splitting process, measuring the photocurrent properties and 

only the evolution of hydrogen in the cathodic compartment. It is in fact much 

simpler to measure hydrogen than oxygen because the signal present in the 

chromatogram can be ascribed only to the gas evolved during the reaction, since 

no hydrogen is present in air. On the other hand, oxygen detection is much more 

difficult, because it can be present in the anodic compartment both for a not 

perfect purging and leaks from the cell gaskets. Table 3.3 collects data from the 

preliminary screening, where we focused on hydrogen evolution; after 

optimization of the system, also oxygen could be evaluated, so another set of 

photoanodes has been measured and the results are shown in Table 3.4. 
Table 3.3. Photocurrent densities obtained from chronoamperometric measurements, charge passed over 
2-hour illumination, faradaic efficiency and hydrogen evolved in CBZ-Th, POZ-Th, and PTZ-Th based 

DS-PEC, both with a SED and a WOC. 

Sample 
SED or 

WOCa 

𝛥jd-lb (µA 

cm-2) 

𝛥j2hc 

(%) 

Q 

(C) 

FEH2 

(%) 

H2 

evolved 

(µmol) 

CBZ-

Th 

SED 510 -49 1.20 15.8 0.99 

WOC 63.0 +18 0.328 18.6 0.32 

POZ-

Th 

SED 370 -36 1.22 11.9 0.75 

WOC 19.5 +60 0.169 28.3 0.25 

PTZ-Th 
SED 540 -39 1.53 18.7 1.48 

WOC 50.4 +7.8 0.195 22.5 0.23 
a Dye-sensitized photoanodes in a PEC filled with pH 6.5 PBS, KNO3 0.5 M, and 20 mM H2Q or 0.2 mM 

Ru(bda)(pic)2; b Current density difference between dark and light over a 180 s chronoamperometry; c 
Current density loss/gain over a 2 h chronoamperometry under illumination (0.7 sun, 𝛌>400 nm). 

As shown in Table 3.3, there was a clear difference in the behaviour of the dyes 

over a two-hour illumination period. When dyes were tested in a cell with the 
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SED, the current density decreased over time till almost a 50% loss, while when 

the WOC was present in the buffer solution the current density increased. It is 

also possible to notice that the faradaic efficiency for hydrogen production was 

in all cases higher with the WOC than with the SED; this could be due to the 

different charge circulated in the system. In fact, when the amount of electric 

charge was high, it was possible that the platinum was not able to properly work 

as a reduction catalyst, since the platinum wire surface was limited and might 

become overloaded with electrons, so it is more likely that recombination 

phenomena occurred and less hydrogen was evolved. On the contrary, when 

the charge was low, platinum could more efficiently employ the charge to 

reduce protons to hydrogen. 
Table 3.4. Photocurrent densities obtained from chronoamperometric measurements, charge passed over 
2-hour illumination, faradaic efficiency and oxygen evolved in CBZ-Th, POZ-Th, and PTZ-Th based 

DS-PEC, both with a SED and a WOC. 

Sample 
SED or 

WOCa 

𝛥jd-lb (µA 

cm-2) 

𝛥j2hc 

(%) 

Q 

(C) 

FEO2 

(%) 

O2 

evolved 

(µmol) 

CBZ-

Th 

SED 510 -49 1.20 / / 

WOC 22.8 +63 0.140 69 0.25 

POZ-

Th 

SED 370 -36 1.22 / / 

WOC 7.0 +178 0.101 69 0.18 

PTZ-Th 
SED 540 -39 1.53 / / 

WOC 35.3 -5.7 0.190 66 0.32 
a Dye-sensitized photoanodes in a PEC filled with pH 6.5 PBS, KNO3 0.5 M, and 20 mM H2Q or 0.2 mM 

Ru(bda)(pic)2; b Current density difference between dark and light over a 180 s chronoamperometry; c 
Current density loss/gain over a 2 h chronoamperometry under illumination (0.7 sun, 𝛌>400 nm). 

Photocurrent generation in presence of the SED was higher than 500 µA cm-2, a 

value which is comparable with the best reported performances for organic 

sensitizers.39 The best photon-charge conversion was recorded for CBZ-Th and 

PTZ-Th. This is in agreement with their higher molar absorptivities in solution, 

though it should be noted that their absorption band as photoanode films is 
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blue-shifted compared to the POZ derivative. Indeed, the higher generated 

current values of CBZ-Th and PTZ-Th well matched their improved IPCE 

behaviour. Since on the whole the optical properties of CBZ-Th and PTZ-Th 

both in solution or as films are not better than those of POZ-Th, we conclude 

that the superior external quantum efficiency of the two more performing dyes, 

which comprises the light harvesting ability and the internal quantum 

efficiency, mainly arises from a higher value of the latter parameter. IPCE also 

partially accounts for the higher photoelectrochemical performance of PTZ-Th 

compared to CBZ-Th. It should also be noted that the amount of generated 

charge is higher for PTZ-Th despite its lower loading on the semiconductor. We 

therefore argue that the lower loading (likely arising from the butterfly 

geometry), associated to a suppression of detrimental dye–dye intermolecular 

excited state self-quenching, might play a central role in the enhanced 

performances. The data in presence of the WOC shows the same trend seen with 

the SED and confirms that the most efficient system is the PTZ-Th dye. Finally, 

we note that the use of the dyes in combination with a WOC revealed a stable 

photocurrent generation over a considerable time for all the three sensitizers, 

designating them as promising alternatives to the more common Ru-based 

complexes.  

The amount of both evolved hydrogen and oxygen follows the same trend as for 

charge generation and collection. In particular, the amount of evolved gas at the 

CE is in the rank PTZ-Th > CBZ-Th > POZ-Th, in agreement with the 

aforementioned discussion. These values quantitatively well compare with gas 

generation properties previously reported in the recent literature for organic 

sensitizers.61 Such evaluation is even more favourable if considering that the 

other representative reported measurements are carried out at much higher (up 

to 3 sun) intensities, to be compared with our device set-up at 0.70 sun.51  
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3.4 Experimental section 
 

The following materials were purchased from commercial suppliers: FTO-

coated glass plates (2.2 mm thick; sheet resistance ~7 ohm per square; Solaronix); 

Dyesol 18NR-T transparent TiO2 blend of active 20 nm anatase particles. All 

reagents were obtained from commercial suppliers at the highest purity grade 

and used without further purification. The dyes and the catalyst have been 

synthesized according to literature.30, 55 

Absorption spectra were recorded with a V-570 Jasco spectrophotometer. UV-

O3 treatment was performed using Novascan PSD Pro Series – Digital UV Ozone 

System. The thickness of the layers was measured by means of a VEECO Dektak 

8 Stylus Profiler. Cyclic Voltammetry (CV) was carried out at scan rate of 100 

mV s-1, using a AUTOLAB PGSTAT302N potentiostat in a three-electrode 

electrochemical cell under Ar. The working, counter, and the pseudo-reference 

electrodes were a glassy carbon pin for the dyes in solution or a sensitized 3.5 

µm thick TiO2 film, a Pt wire and an Ag/AgCl electrode (3 M KCl), respectively. 

The working electrodes discs were well polished with alumina 0.1 µm 

suspension. The preparation and sensitization of the 3.5-µm-thick TiO2 film is 

described below. The Pt wire was sonicated for 15 min in deionized water, 

washed with 2-propanol, and cycled for 50 times in 0.5 M H2SO4 before use. The 

Ag/AgCl pseudo-reference electrode was calibrated, by adding ferrocene (10-3 

M) to the test solution after each measurement. All potentials have 

been reported in the reversible hydrogen electrode (RHE) scale by shifting the 

potentials by ERHE = EAg/AgCl + 0.059 pH + E°Ag/AgCl (KCl 3 M) = E Ag/AgCl + 0.059 ´ 6.5 

+ 0.21 V  = EAg/AgCl + 0.59 V, according to the literature.62  

The photoanodes have been prepared as described below adapting a procedure 

reported in the literature.63 In order to exclude metal contamination all of the 

containers were in glass or Teflon and were treated with EtOH and 10% HCl 

prior to use. Plastic spatulas and tweezers have been used throughout the 
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procedure. FTO glass plates were cleaned in a detergent solution for 15 min 

using an ultrasonic bath, rinsed with pure water and EtOH. After treatment in a 

UV-O3 system for 18 min, a transparent active layer of 4.25 cm2 was screen-

printed using Dyesol 18NR-T active transparent TiO2 paste. The coated films 

were thermally treated at 125 °C for 6 min, 325 °C for 10 min, 450 °C for 15 min, 

and 500 °C for 15 min. The heating ramp rate was 5 - 10 °C/min.  

FTO plates coated with 3.5 µm transparent TiO2 film, prepared as described 

above, were treated in a UV-O3 system for 20 min at room temperature, then 

immersed into a 2 x 10-4 M solution in EtOH of the dye for 2 h at room 

temperature in the dark. The stained substrates were rinsed with EtOH and 

dried with a stream of dry nitrogen. The UV-Vis spectra, CV and LSV were 

recorded in comparison with a bare 3.5 µm transparent TiO2 film. 

Photoelectrochemical measurements of DS-PEC were carried out with black 

metal mask on top of the photoanode of 0.50 cm2 surface area under a 500 W 

Xenon light source (ABET Technologies Sun 2000 class ABA Solar Simulator). 

The power of the simulated light was calibrated to 75 mW cm-2 (70 mW cm-2, 

𝛌>400 nm) using a reference Si cell photodiode equipped with an IR-cutoff filter 

(KG-5, Schott) to reduce the mismatch in the region of 350-750 nm between the 

simulated light and the AM 1.5 spectrum. The LSV (scan rate 20 mV s-1) and CA 

measurements on the DS-PEC were performed using a AUTOLAB 

PGSTAT302N potentiostat in a three-electrode purposely designed 

photoelectrochemical cell filled with pH 6.5 PBS (Sigma Aldrich, product 

number P4417), KNO3 0.5 M under Ar in presence of a Nafion®-115 (Alfa Aesar) 

proton exchange membrane, and the data collected with GPES electrochemical 

interface (EcoChemie).  

IPCE measurements were carried out using monochromatic light through a 

monochromator (Jasco) illuminating on the active area of the working electrode 

(0.50 cm2). The light intensity was monitored using a reference Si cell photodiode 

(THORLABS, S120VC) and corrected to calculate the IPCE values. The current 
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intensity was measured using an AUTOLAB PGSTAT302N potentiostat in a 

three-electrode purposely designed photoelectrochemical cell and the data 

collected with GPES electrochemical interface (EcoChemie). 

The gas production was measured by means of an Agilent 6850 gas-

chromatograph, using Ar as gas carrier (flow rate 25 mL min-1) and equipped 

with thermal conductivity detector and a molecular sieve 5 Å column (2 m x 2 

mmID, temperature 70 °C). Argon mixtures with 100 ppm and 10 000 ppm of H2 

and O2 were used for calibration. Evolved O2 was calculated taking into account 

small leaks of air into the PEC device: the amount of O2 coming from air was 

subtracted from the total measured one (i.e. the quantity proportional to the 

measured N2, surely coming from leaks). 
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4 Chapter 4: Conclusions 
 

 

In this PhD project, we have devoted our attention to investigate new materials 

for solar energy conversion. More specifically, we studied organic dyes in either 

DSSCs and DS-PECs for the production of electricity and solar fuels.  

Interesting results were obtained in herein described first ever systematic study 

of organic dyes applied for dye-sensitized water oxidation process, and 

furthermore the design of the photoelectrochemical cell has been optimized.  

An interesting spin-off of this project was also realized using the same, or very 

similar, materials for photovoltaics applications. Namely, a pioneering 

investigation on a very new and important class of eco-friendly DES-based 

electrolytes has been carried out with very promising performances for future 

development of DSSC containing such innovative and green solvents, possibly 

leading to efficiency higher than those reported here. 

In particular, in Section 2.2, the first example of a DSSC using an aqueous choline 

chloride-based DES as an effective electrolyte solvent has been described, 

leading to new possibilities for the sustainable use of DSSCs for renewable 

energy production. Different cell configurations (different hydrophilic dyes, 

different electrolyte composition and concentration, TiO2 layer architecture, 

chemical nature of the counter electrodes, dyes, co-adsorbents and electrolyte 

additives) have been tested in order to optimize at the best the above-described 

DES-DSSC technology. In this way, the cell parameters were successfully 

optimized and overall efficiency was improved from values close to 0% to a 

value up to nearly 2%, which is quite comparable in absolute terms to mid-to-

high ranked water-based DSSCs. In a world with dwindling oil resources, future 

work should thus mainly focus on further exploring the potential of using DESs 

as new, “green” media for solar devices in order to entirely replace hazardous 



 

 160 

and toxic VOCs, which are still massively employed. Indeed, many DES 

components come from natural sources and do exhibit extremely low toxicity, 

and high biodegradability and renewability levels. Future developments could 

come from the high compositional flexibility of DESs and the possibility of fine-

tuning their physico-chemical properties1 to match the structure and features of 

dye-sensitizers and of other cell components. Thus, there is plenty of room to 

develop both fundamental and applied research in this field.  

An example of the versatility of eutectic mixtures and their properties is 

described in the next section of this work (Section 2.3), where an innovative 

environmentally friendly non-volatile hydrophobic eutectic solvent has been 

tested in DSSCs. The unconventional mixture based on DL-menthol – acetic acid 

has been applied in cells with different types of photoanode layers (transparent 

vs opaque), thicknesses, amounts of the disaggregating agent, and intensity of 

the incident light, to eventually optimize the efficiency of the cell to a PCE value 

of 2.5%, which well compares with previous literature values for VOC-free (DES 

and/or aqueous media) liquid DSSCs. Although the higher viscosity of the HES 

medium compared to that of the VOC electrolyte is most probably responsible 

for a lower cell photocurrent, the photovoltage of the thin film HES-DSSC 

resulted significantly higher. Of note, the EIS investigation reveals that this is 

due to the much higher (more than twice compared to VOC) recombination 

resistance at the dye-TiO2/electrolyte interface, a key factor for the maximum 

performance attainable for the cell. This testifies the critical role played by the 

HES in optimizing interface phenomena. The good performances, the higher 

voltage and the lower recombination resistances all suggest that the 

unconventional HES mixtures can play an important role in improving the eco-

compatible and sustainable character of liquid DSSCs, thereby facilitating the 

transition towards an industrial development plan.  

Chapter 3 was dedicated to the study of water splitting through DS-PEC. In that 

chapter, a number of metal-free organic dyes with different electronic and 
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geometrical features was fully characterized optically and electrochemically, 

both in solution and adsorbed onto a mesoporous TiO2 photoanode. A 

systematic study of their use in photoelectrochemical water splitting was carried 

out. To properly evaluate the capabilities of each dye in photoelectrochemical 

application, a first screening in presence of a SED was carried out. This first set 

of measurements showed interesting properties and allowed us to reach 

photocurrent generation with all the dyes comparable to the state of the art. 

Moreover, the evaluation of the optical and charge transfer properties, 

compared to the amount of sensitizer adsorbed onto the semiconductor, was 

enlightening over the importance of the molecular design. In fact, as previously 

reported in a similar study,2 the presence of different heteroatoms on the donor 

moiety was able to strongly influence the electronic properties of the adsorbed 

sensitizers. The superior light harvesting of the POZ-Th dye was not able to 

generate an efficiency in photon conversion as high as CBZ-Th and PTZ-Th. 

Concerning the two best performing dyes, CBZ-Th and PTZ-Th, even if their 

performances in photoelectrochemical measurements were similar, the PTZ-Th 

showed a superior IPCE over a lower dye loading due to its peculiar donor 

geometry. In this application, where poisoning of the catalyst was not possible, 

the effect of the suppression of dye–dye intermolecular charge transfers due to 

the bended geometry of the phenothiazine donor core, played a primary role in 

the achieving of high performances. Moreover, the use of the dyes in 

combination with a WOC revealed a stable photocurrent generation over a 

considerable time for all the sensitizers, designating them as promising 

alternatives to the more common used Ru-based complexes. Finally, a proper 

molecular design and the use of simple building blocks was able to tune the 

photoelectrochemical behaviour of metal-free organic sensitizers improving 

efficiency and stability. 

The results of this PhD thesis have been published in 4 peer-reviewed papers in 

high impact factor journal (see Ch. 5).  
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6 List of abbreviations 
 

APCE: absorbed photon-to-current efficiency 

BL: blocking layer 

CA: chronoamperometry 

CDCA: chenodeoxycholic acid 

CE: counter electrode 

ChCl: choline chloride 

CV: cyclovoltammetry 

DES: deep eutectic solvent 

DS-PEC: dye sensitized photoelectrochemical cell 

DSSC: dye-sensitized solar cell 

EIS: Electrochemical Impedance Spectroscopy 

EQE: external quantum efficiency 

FE: Faradaic efficiency 

GA: glucuronic acid 

GC: gas-chromatograph 

H2Q: hydroquinone 

HEC: hydrogen evolution catalyst 

HES: hydrophobic eutectic solvent 

IL: ionic liquid 

IPCE: incident photon-to-current efficiency 

LHE: light harvesting efficiency 

LSV: linear sweep voltammetry 

PBS: phosphate buffer solution 

PCE: power energy conversion efficiencies 

PEC: photoelectrochemical cell 

PEM: proton exchange membrane 
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PMII: 1-methyl-3-propylimidazolium iodide 

PV: photovoltaic 

Q: quinone 

RE: reference electrode 

SC: semiconductor 

SED: sacrificial electron donor 

VOC: volatile organic solvent 

WE: working electrode 

WOC: water oxidation catalyst 

WRC: water reduction catalyst 

 

 


