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This chapter begins by setting the context of the research with the 

problematic of the greenhouse gas emissions linked to the global 

warming. Hydrogen is then proposed as an alternative to the use of fossil 

fuels and the photoelectrolysis of water is envisaged as a green way to 

produce it. This is followed by the presentation of hematite as a 

promising material for the photoanode in water splitting. Finally, the 

objectives and the content of the different chapters are described. 

I.1 Problematic 1,2 

Since the preindustrial period, the temperature on Earth has been 

growing up more importantly. The global warming has many negative 

impacts (Figure I-1) both on natural and human systems (on all the 

continents and in the oceans).  

It generates extreme climatic phenomena such as heavy precipitations, 

droughts and storms.  

The ecosystem does not have the natural ability to change its 

geographical extension following the fast pace of these changes. Some 

plant and animal species are then threatened.  

Moreover, some human populations could have to move in order to 

escape different issues caused by the climatic changes. The global 

warming generates the melting of polar ice caps and increases the sea 

level. This can induce the migration of the population currently living 

near the coast. 

The global warming can also have a real impact on the food safety. 

Actually, marine biodiversity is sensitive to the ocean pH which is 

decreasing because of the CO2 concentration increase and some aquatic 

species are threatened. This can affect the fishing yield. The cultivation of 

wheat, rice or corn can also be affected in the tropical region.  
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Figure I-1: Diagram showing regional key risks and their level in the present and the 

future as a function of the limitation of the global warming to 2°C or 4°C since the 

preindustrial period1. 
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The global warming is due to higher greenhouse gas (GHG) emissions 

such as CO2, CH4, SO2 and N2O since the preindustrial period (1750). 

The GHG emissions rise mainly comes from human activities and is not 

only due to the industries development and the use of fossil fuels but is 

also linked to land use, lifestyle, energy consumption, etc. Between 1750 

and 2011, CO2 emissions have been estimated to 2040 ± 310 Gt of which 

half for the last 40 years. About 40% are still present in the atmosphere 

and about 30% have been absorbed by the oceans causing an acidification 

of the water1. The remaining part has been stored in plants and in the soil.  

To limit the negative impacts of the global warming, a coordinated global 

scale action is necessary to limit greenhouse gas emissions everywhere on 

Earth because these gases accumulate over time and mix worldwide. The 

most optimistic perspective for 2100 is to limit the global mean 

temperature change since 1870 at 2°C (2°C scenario). Until now, the 

mean temperature change is about 0.6°C. Among the GHG emissions, 

the anthropogenic CO2 emissions must be reduced.  

Figure I-2 shows different scenarios (ellipses) depending on the CO2 

emissions. The light blue, dark blue and yellow involves a decrease of the 

GHG emissions which implies long-term and sustainable development 

rather than short term strategies. 

In order to reach the 2°C scenario, efforts are needed in different sectors 

such as power generation, industry and transport. These efforts should 

limit the risks from climate change. 

Concerning the power sector, different technologies can be used to limit 

the CO2 emissions. The nuclear power is one of them but the safety must 

be improved and new process in the radioactive waste treatment must be 

found. 

The natural gas-fired power and the coal-fired power are also considered 

in some countries but they have to be coupled to carbon capture and 

storage (CCS) systems. The process preferentially used depends on the 

resources of the countries. 
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Figure I-2: Estimation of the level of risks linked to the global warming as a function 

of the evolution of the GHG emissions. Ellipses represent different scenarios1. 

Another power generation technology developed is the renewable 

energies which must be further improved to be competitive in terms of 

cost and yield compared to existing power sources. An issue with this 

type of power generation is their daily and seasons efficiency fluctuations. 

This justifies the development of energy storage technologies and smart 

grids that must be associated to this type of power generation. 

In industries, the energy demand is huge. Hence, they try to reduce the 

energy demand with, for example, co-generation system and they look for 

alternatives to their fuel consumption as for example the use of biofuel 

instead of fossil fuel. 
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The transport accounted for 28% of overall energy consumption and led 

to emissions of 8.7Gt CO2 in 20123. Passenger transport accounts for 

nearly 60% of total transport demand and the aviation represent only 18% 

of the passenger transport3. In the nearer term, we have to choose more 

efficient transport modes (buses…) and to reduce our trips by 

encouraging, for example, the homeworking and the video conferences2. 

In a longer term perspective, alternatives to the fossil fuel use must be 

found for this field. 

Electric vehicles are already present in the market. These vehicles are 

interesting for short trips because of the battery capacity. Indeed, the 

vehicle is stopped during the charge of the battery and this can be an issue 

for longer trips.  

Another alternative to fossil fuels is biofuels. However, if the demand in 

biofuels is growing up, the use of plants as fuel will be in competition 

with the food production. 

To avoid this issue with biofuels, another fuel is considered: hydrogen. It 

can be burned directly or it can be combined with a fuel cell to be 

converted into electricity. Vehicles using this last technology are called 

Fuel Cell Electric Vehicles (FCEVs). The price of the two first FCEVs 

commercially available (Huyndai ix35 and Toyota Mirai) is around 

60000-70000 euros in Europe. This price depends on the cost of the fuel 

cell and the storage system for hydrogen. Improvement in the 

development of each element composing FCEVs must be done to reduce 

the global price2. 

Nevertheless, in order to make these alternatives competitive compared 

to fossil fuels and encourage the deployment of new technologies; 

governments need to introduce new policies as for example carbon 

pricing. Moreover, campaigns and educational programs must be 

developed to increase the awareness-raising of the population. Finally, a 

mass production would considerably reduce the price of FCEVs. 
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I.2 Hydrogen 2 

If generated from a low-carbon footprint technology, hydrogen is a fuel 

that can reduce air pollution and GHG emissions compared to fossil 

fuels. It is a flexible energy carrier that can be transformed in power or 

heat without GHG emissions since the only reaction product is water. 

We can use, for example, a fuel cell to generate electricity from hydrogen 

and oxygen. It can also be a link between energy supply and demand 

(Figure I-3) particularly in off-grid regions.  

 

 

Figure I-3: Energy system today and the possibility in the future2. 

 

Hydrogen makes possible the storage of energy produced by renewable 

source such as photovoltaic panels and wind turbines. These energy 

sources vary irregularly over the day, the seasons and the place on Earth. 

Therefore, it is important to find storage system to associate with them. 

Batteries can be used but for stationary applications only. The advantage 

of hydrogen is its ability to be transported to another place where there is 

a demand in energy. For example, hydrogen is particularly suitable in the 

transport field for FCEVs. 
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I.2.1 An application of hydrogen: FCEVs 

FCEVs are vehicles using hydrogen stored on board in a pressurized tank 

and a fuel cell to convert hydrogen into electricity. But they are also 

hybrid vehicles because they need a battery to retrieve the braking energy 

which will be used to reduce the peak of demand from the fuel cell during 

the acceleration.  

In 2014, 192 FCEVs (passengers’ cars and buses) were already running in 

Europe in several demonstration projects1. The ix35 Fuel Cell4 (Figure I-

4) is the first mass production model of Huyndai with two 700bar 

hydrogen tank. This car has a power of 136hp (≈100kW) and an 

operating range of 594km per charge. This means that the consumption 

in fuel of this car is 3.6L of H2/100km. This example shows that the 

technology is available. 

Some improvements must be done particularly in the field of fuel cells 

and H2 tanks to reduce the cost of this type of vehicles5. A higher demand 

on the market could also reduce the cost. However, in order to increase 

the demand, hydrogen refueling stations must be developed. In 2015, 82 

hydrogen refueling stations were operated in Europe, 63 in North 

America, one in South America, and 38 in Asia as showed on the map 

(Figure I-5) (results given by “H2stations.org”).  

Actually, the production and the distribution of hydrogen have to be 

taken into account in the development of FCEVs. 

                                                      
1 A timeline of all hydrogen vehicles worldwide is available on “H2mobility.org”. 
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Figure I-4: (Up) A photography of the ix35 Fuel Cell (the first mass production model 

of Huyndai) and (Down) the key parts of the motion technology4. 

 

Figure I-5: Hydrogen refueling stations worldwide. Statistics and maps were 

provided by Ludwig-Bölkow-Systemtechnik©. 
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I.2.2 Distribution of hydrogen 

Two alternatives exist for the distribution of hydrogen: the production of 

hydrogen at the refueling station or in a central production plant. But for 

this last option, hydrogen must be transported up to the refueling station. 

The centralized production of hydrogen offers economies of scale but the 

transport increases the costs. Two different transports exist: trucks (for 

gaseous or liquid hydrogen) or pipelines. The choice of the means of 

transport depends on the location of the refueling station compared to the 

centralized hydrogen production and the hydrogen demand in the area of 

the refueling station must also be taken into account. For example, the 

daily refueling capacity of a station in a small city will be lower than in a 

big city. 

I.2.3 Production of hydrogen 

Different technologies of hydrogen production exist. To date, hydrogen is 

not used as an energy carrier but rather as feedstock to produce new 

molecules in the chemical industries6 (NH3 or CH3OH for example) or in 

refining industries.  

Currently, the steam gas reforming method from natural gas or methane 

is the most used production method followed by coal gasification7. The 

problem with these processes is their carbon footprint due to the fuels 

used for the heating and the CO2 released during the process8. This is 

contradictory with the use of hydrogen as fuel to reduce the GHG 

emissions. This explains that new technologies are developed to produce 

hydrogen. The splitting of water into hydrogen and oxygen by electrolysis 

is one of the alternatives to the steam gas reforming. 

Electric power is necessary to achieve the electrolysis of water. The 

electric power can be provided by different sources. To reduce CO2 

emissions, the renewable sources are favored. As mentioned before, 

renewable energy sources vary irregularly over the day, the seasons and 

the place on earth. Therefore, the production of energy does not match 

directly the demand. Therefore, storage systems must be developed. One 

approach consists to store energy from renewable sources in hydrogen 

bonds by using an electrolyser. 
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Electrolysers are composed of stacks comprising up to 100 cells and, 

therefore, are very flexible systems that can be adapted for a lot of 

different applications. Alkaline and Proton Exchange Membrane (AEM 

and PEM) electrolysers are already commercialized but some new 

electrolysers are in development as for example Solid Oxide Electrolyser 

Cell (SOEC) to reduce the cost and improve the efficiency9. Figure I-6 

shows the principle of these different electrolysis cells. 

In order to reduce the demand in electric power for splitting water into 

oxygen and hydrogen, an alternative is the photoelectrolysis of water. 

 

Figure I-6: Schemes of principle of PEM, AEM and SOEC10,11. 
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I.3 Photoelectrolysis of water12 

Photoelectrolysis of water consists in the production of hydrogen and 

oxygen from water by using solar energy. A similar process able to store 

solar energy into chemical bonds is already used in the nature: 

photosynthesis. With the energy from sunlight, plants convert CO2 and 

water into hydrocarbons and O2, however, the yield is very low (<1%)13. 

For the production of hydrogen, we need an artificial process with more 

efficiency. 

Photoelectrolysis of water is carried out in a photoelectrochemical cell 

(PEC). The PEC is composed of two electrodes and an electrolyte. At the 

anode, the water is oxidized into oxygen (Equations I.1 and I.3) and, at 

the cathode, water is reduced into hydrogen (Equations I.2 and I.4). The 

electrolyte is water but the pH of the water can be modified by adding a 

base or an acid. The reactions and the redox standard potentials in the 

two environments are different. 

For alkaline electrolyte: 

Oxidation (Equation I.1):  

4OH- + 4h+ � O2 + 2H2O                                 E°ox = -0.401 V vs. NHE    

Reduction (Equation I.2):  

4H2O + 4e- � 2H2 + 4OH-                                E°red = -0.828 V vs. NHE    

For acidic electrolyte: 

Oxidation (Equation I.3):  

2H2O + 4h+ � O2 + 4H+
                                      E°ox = -1.229 V vs. NHE      

Reduction (Equation I.4):  

4H+ + 4e- � 2H2                                                 E°red = 0 V vs. NHE  

The Gibbs energy (∆G) is an indication of the feasibility of a reaction and 

is calculated by the equation: ∆G=-nF∆E where n is the number of 

electrons, F the Faraday constant and ∆E the electrochemical voltage of 

the reaction.  
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In the case of the electrolysis of water at standard temperature (298K) and 

concentrations (1mol/L, 1atm) the electrochemical voltage is ∆E=-

1.229V. This corresponds to a Gibbs free energy change of +237kJ/

mol��. The reaction of water splitting is thus thermodynamically arduous 

and necessitates an energy input. In the photoelectrolysis, solar energy 

will be considered. 

The electrochemical voltage of 1.229V is theoretical because it does not 

take into account the kinetic issues, for example. However, this voltage 

will be used as reference for the comparison of the performances of 

different PEC. 

I.3.1 Photoelectrochemical cell 

In the case of the photoelectrolysis of water, a semiconductor converts 

photons into electron-hole pairs. These photons must have higher energy 

than the band gap. Electrons and holes are separated from each other 

thanks to an electric field. 

Holes will be used at the surface of the anode for the oxidation of water 

into oxygen (Equation I.1 or I.3). Electrons are used at the surface of the 

cathode for the reduction of water into hydrogen (Equation I.2 or I.4).  

In the case of the use of a photoactivated anode (photoanode), the 

cathode is a metal, generally platinum in order to reduce overvoltage 

(Figure I-7a). Electrons and holes are photogenerated and separated in 

the semiconductor of the photoanode. Holes are used at the surface of the 

photoanode for the oxidation of water and electrons are carried to the 

conducting support of the semiconductor (generally a transparent 

conducting oxide film deposited on glass (TCO)) to be transported to the 

cathode for the reduction of water into hydrogen.  

Some groups have also developed photocathodes instead of/or 

complementary to the photoanode. As it is showed in Figure I-7, different 

PEC configurations can be envisaged14. In this PhD thesis, we have 

prepared a photoanode and used a platinum wire as counter electrode 

(cathode) as represented in Figure I-7a. Therefore, this configuration will 

be explained more in detail. 
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Figure I-7: Possible PEC configurations: First row: photoanode (a) or photocathode 

(b) simply coupled with a metal counter electrode. Second row: photoanode (c) or 

photocathode (d) biased with an integrated p-n junction. Third row: photoanode 

coupled with a photocathode (e) or photoanode biased with a second n-type 

semiconductor (f). 12 
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I.3.2 Working principle12,14,15 

As mentioned before, electrons and holes generated in the photoanode 

are separated from each other thanks to an electric field. This electric field 

appears between the space charge region and the bulk of the 

semiconductor. It results from the equilibrium between the Fermi level of 

the photoanode and the redox potential of the electrolyte when the 

photoanode is put in contact with the electrolyte. 

At open circuit, the Fermi level of the photoanode is generally higher 

than the redox potential of the electrolyte as it can be seen on the left side 

of Figure I-8. Therefore, electrons are transferred from the photoanode to 

the electrolyte in order to reduce the position of the Fermi level down to 

the redox potential value of the electrolyte and reach the equilibrium 

between them as it is showed in Figure I-8. 

Consequently, an upward bending appears in the conduction band and in 

the valence band of the photoanode. This region in the photoanode is 

called the space charge region (SCR) as represented on the right side of 

Figure I-8. 

The position of the band edges against the redox potential of the 

electrolyte is called the flat band potential (Vfb). It represents the potential 

that needs to be applied to the semiconductor to reduce the band bending 

to zero. 

Due to the transfer of charges from the semiconductor to the electrolyte, 

the surface of the photoanode will be positively charged and the 

electrolyte in contact will be negatively charged. Once the equilibrium is 

established, an electric field exists between the space-charge region, also 

called depletion region, and the bulk of the semiconductor. 

The electrolyte will also be affected by this equilibrium. Because of the 

charge of the photoanode surface, ions with the counter charge will 

accumulate next to the surface of the semiconductor. The region where 

there is a gradient of charge in the electrolyte is called the Helmholtz 

layer (HL) as represented on the right side of Figure I-8. 
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Figure I-8: Evolution of the band diagram of a n-type photoanode in contact with an 

electrolyte where Ec, Ef, Ev and Eredox are respectively the conduction band, Fermi 

level, valence band and redox potential. SCR is the space-charge region and HL is 

the Helmholtz layer. 

Under illumination, the system is no longer in equilibrium. The creation 

of electron-hole pairs increases the Fermi level due to the internal 

photovoltage (∆Vphoto represented in Figure I-9). A unique Fermi level 

cannot chart of the phenomenon near the semiconductor/electrolyte 

junction and two quasi-Fermi levels are more useful: E*F,n and E*F,p 

(Figure I-9). They are linked to the concentration of electrons and holes 

according to the position in the photoanode. They only take into account 

the electrons in the conduction band and holes in the valence band. This 

limits the predictions in the case of holes trapped at the surface (discrete 

states). 

 

Figure I-9: Band diagram of a PEC in equilibrium in the dark (left) and under 

illumination (right). 
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I.3.3 Requirements for photoelectrodes13,16,17 

Regardless the electrode type, photoelectrodes must satisfy some 

requirements such as an efficient absorption of the visible light and a 

good charge transport. The most famous semiconductor meeting these 

criteria is silicon. However, the efficient absorption of the visible light is 

not the only requirement; the position of the band gap must overlap the 

redox potentials of water. As it can be seen on Figure I-10, silicon has a 

small band gap (1.1 eV) which allows an efficient absorption of the visible 

light but it does not overlap the redox potentials of water. 

 

Figure I-10: Standard redox potentials of water in acidic (black dotted lines) and 

basic (grey dotted lines) media. Band gaps, valence band (blue) and conduction band 

(red) of Si, TiO2, WO3 and Fe2O3. Diagram adjusted from publications 18,19 

In 1972, Fujishima and Honda20 reported the photoelectrolysis of water 

using a TiO2 photoanode and a platinum cathode. With TiO2, the band 

gap overlaps the redox standard potential of water in acidic media (Figure 

I-10) but the band gap is higher than 3eV. This means that TiO2 is 

absorbing UV radiations which represent a small part of the sunlight. 

Since then, there has been a lot of research to find suitable electrode 

materials in order to use a broader range of the solar spectrum. It is the 

case for III-V semiconductors materials such as GaAs or other 

semiconductor such as CdS but they are expensive and not stable in water 

under anodic conditions12,17. Despite the efforts deployed for years, no 

single material meeting all the requirements of an ideal photoelectrode 

has emerged13. 
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It can be seen on Figure I-10 that WO3 and Fe2O3 can be considered as 

photoanode but their band gaps do not overlap the reduction potential of 

water. Despite this issue, WO3 and Fe2O3 are attractive candidates 

because they are inexpensive and stable in water. If we compare these 

two oxides in terms of highest potential efficiency, due to its larger band 

gap, WO3 has a maximum solar-to-hydrogen (STH) efficiency of 4.8% 

while a maximum STH of 12.9% could be obtained with Fe2O3 

(hematite)21. Hematite is thus considered as more promising. 

I.4 Hematite17 

Hematite is composed of oxygen and iron, which is an abundant element 

in the Earth’s crust (6.3% by weight). We can find this element in its 

oxidized forms FeO, Fe2O3, Fe3O4. Among these oxides, Fe2O3 is largely 

known under the name “rust”. Hematite (α-Fe2O3) is the most 

thermodynamically stable crystalline structure and the most used in water 

splitting. Its crystalline structure is trigonal (hexagonal scalenohedral, 

3��) and is represented in Figure I-11. The anions O2- are organized in a 

hexagonal closed-packed structure along the [001] (z-axis) direction 

(Figure I-11a) and the cations Fe3+ occupy two third of the octahedral 

interstices (Figure I-11b). 

 

Figure I-11: Crystalline structure of hematite in different orientations to show (a) the 

hexagonal structure of oxygens and (b) the iron cations situated  in the center of two 

third of octahedra. Oxygen is represented in red and iron in brown. Figure achieved 

with CrystalMaker®. 
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The crystalline structure of hematite gives it specific optoelectronic 

characteristics such as its absorption (Figure I-12). Its transmission in the 

spectral range from orange to infrared gives its red color.  

A slight absorption in the near infrared is attributed to d-d transition 

states between electron energy levels of the d5 Fe3+ ion. However, the 

main absorption occurs from ~560-650nm to UV (Figure I-12), where the 

energy of incident light is equal or higher than the bandgap. 

The band gap of hematite is reported between 1.9 eV and 2.2 eV 

depending on the sample preparation technique. This means that it can 

theoretically absorb up to 40% of solar radiation22. 

Generally, analyzes from Tauc plots2 show that the band gap transition is 

phonon-assisted and thus indirect. Indirect transitions occur less likely 

than direct transitions because it needs a change in the crystal 

momentum. This is linked to the smaller absorption of indirect 

semiconductor. As a consequence, the thickness of indirect 

semiconductor has to be higher than direct semiconductor to absorb a 

maximum of the incident light. 

 

Figure I-12: Extinction coefficient of Hematite to show its absorption as a function 

of the wavelength.23  

 

                                                      
2 A Tauc plot is used to determine the optical band gap of a semiconductor 
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Indirect semiconductors require a high carrier conductivity to transfer 

charges across the film thickness. Unfortunately, this is not the case for 

hematite. 

When hematite is illuminated, absorbed photons excite electrons from the 

valence band to the conduction band. Consequently, vacancies are 

created in the valence band and are designated as holes. Holes can move 

thanks to the transfer of an electron to the corresponding vacancy. 

If the mobility is translated in terms of diffusion length before 

recombination, holes in hematite have a diffusion length between 1.5nm 

and 5nm24,25. This is very short compared to TiO2, for example, in which 

the diffusion length is of the order of 0.1µm for sintered electrodes and of 

the order of 1µm for single crystal 26. The very small diffusion length of 

holes in hematite is an issue for the transfer of holes from the 

photogeneration area to the semiconductor/electrolyte junction where 

they are used for the oxidation of water into oxygen. 

Electron conductivity in hematite is also very low. The conductivity of 

holes and electrons in hematite is a “small polarons hopping” 

conductivity27-30. It corresponds to the movement from site to site of the 

lattice polarization due to the presence of an electron or a hole31. 

Potential wells are created by the displacement of the surrounding atoms 

due to the movement of a charge carrier. The charge carriers are self-

trapped by the potential wells that they create. When surrounding atoms 

modify their position, a movement of charge carriers is possible. The 

small polaron conductivity is thus improved when temperature 

increases30. 

Adding dopants improves the electronic conductivity of the film by 

increasing the quantity of majority carriers. Depending on the nature of 

the dopant, a n-type or a p-type hematite can be obtained17,32,33. In a p-

type semiconductor, holes are the majority carriers and in a n-type 

semiconductor, electrons are the majority carriers. In hematite, the 

substitution of Fe3+ by a dopant can generate Fe2+ sites (n-type 

semiconductor) or Fe4+ sites (p-type semiconductor) to compensate the 

change of charge28. 
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First of all, oxygen vacancies in hematite act as n-type dopant because it 

generates Fe2+ sites. Hematite is known to be a n-type semiconductor 

because of the natural presence of oxygen vacancies. Moreover, a thermal 

treatment in an oxygen deficient environment is a doping method that 

does not necessitate the addition of a heteroatom34. 

The addition of a heteroatom as dopant is another possibility. When 

Zn2+, Mg2+, Cu2+ or Ni2+ is added, hematite is converted into a p-type 

semiconductor because the valence of the cation is smaller than Fe17,35,36. 

But, the examples of p-type doped hematite are less present in the 

literature. 

More publications show an increase of conductivity and performances 

thanks to a n-type doping of hematite28,37-41. A lot of dopants can be used 

such as Zr4+, Ti4+, Si4+, Sn4+or Ge4+ 41-44. Ab initio electron transfer 

simulations were carried out to compare the effect of a dopant on the 

electronic conduction in hematite28. They predict the increase of charge 

carrier density due to the presence of the dopant according to its 

concentration. Concerning the electron transport mode, it can change 

according to different parameters such as the dopant concentration, the 

ion size and the ion stability. 

The nanostructuration of the photoanode is a strategy to address the short 

diffusion length of holes16,17,45. Instead of improving the conductivity of 

holes, it is possible to reduce the distance between the generation position 

of a hole and the semiconductor/liquid junction (SCLJ) at which the 

oxidation reaction can occur. The nanostructuration has another 

advantage: the increase of surface sites number for the oxidation of water 

by increasing the specific surface of the material. 

A lot of different nanostructures have been envisaged such as porous thin 

films46-48, cauliflowers38,45, nanotubes49,50 and nanorods50,51. These 

nanostructures can be obtained by different deposition techniques such as 

potentiostatic anodization49, electrodeposition42,52, chemical vapor 

deposition at atmospheric pressure (APCVD)37,53, ultrasonic spray 

deposition (USP)54,55 and spin coating48,56,57. 
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The mechanism of water oxidation is not well understood. However, the 

four-hole water oxidation process is known to be very slow58. Therefore, 

to improve holes collection for water oxidation instead of recombination 

with electrons, hematite films request the deposition of a catalyst on the 

surface. The catalyst will improve the kinetic of water oxidation and thus 

favor this reaction instead of the recombination between holes and 

electrons. A lot of reports on cobalt-, nickel- or iridium- based catalysts 

such as IrO2
45, cobalt-phosphate (Co-Pi)59,60, CoOx

61, NiFeOx
61 and NiOx

62 

have been published. The objective is to find a catalyst with a high 

efficiency, a high durability and based on abundant elements for the 

purpose of a large scale development of PEC. 

The wide variety of parameters, such as dopant, catalyst, thickness and 

conditions of measurement (pH, light source…), affecting the 

performances of a photoanode makes the comparison difficult. Currently, 

the highest performance reported in the literature is around 3 mA/cm2 (at 

1.23 V vs reference hydrogen electrode) for a nanostructured hematite 

film containing a dopant to improve conductivity and a catalyst to reduce 

the overpotential45. 

In conclusion, hematite is a promising material for the photoanode in 

water splitting but it suffers from different recombination mechanisms13 

located in the bulk and at the surface, limiting the efficiencies of charge 

generation (η��/��), transport (ηtr) and charge transfer (ηct) as it is shown 

in Figure I-13. These phenomena reduce the performances of the PEC. In 

order to increase the	η��/��	and ηtr, hematite films must be thick enough 

but the path distance of charges must be reduced and the conduction 

improved. It can be achieved thanks to the addition of a dopant and by 

working on nanostructuration of the film. To reduce the recombination at 

the surface and then increase ηct, the kinetic of water oxidation must be 

improved with a catalyst. 
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Figure I-13: (a) schematic energy diagram of a PEC based on a hematite photoanode 

and a metallic cathode. HER means “Hydrogen Evolution Reaction” and OER 

“Oxygen Evolution Reaction”. Photons (hν) with energy equal to or higher than the 

band gap (Eg) are absorbed by the photoanode and converted in electron/hole pairs 

with efficiency (���/��). Thanks to the electric field generated in the space charge 

region, electron and holes are separated. Holes move to the photoanode/electrolyte 

junction and electrons move toward the cathode (via an electron collector and an 

external circuit). ηtr (transport efficiency) is the fraction of photogenerated charges 

reaching the respective solid-liquid interface. Moreover, holes are transferred to the 

electrolyte with a charge transfer efficiency ηct to oxidize water into oxygen. An 

external bias or a PV device is used for the transfer of electrons to the cathode for the 

reduction of water into hydrogen. (b) The difference in terms of photocurrent 

between the actual best efficiency according to the state of the art is represented by 

the dotted line and the ideal performance of a PEC based on a hematite photoanode 

is represented by the solid line. The arrows indicate the limiting factors to the 

reduction of the onset potential.13 
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I.5 Objectives of the thesis 

As explained in the first part of this chapter, greenhouse gas emissions 

must be reduced and hydrogen is an alternative to the use of fossil fuel. A 

low carbon footprint technique to produce it is the photoelectrolysis of 

water. 

Hematite is a promising material for the photoanode but suffers from 

different drawbacks: poor electronic conductivity, short diffusion length 

of holes and kinetics issues for water oxidation into oxygen. The goal of 

this thesis is to design a hematite photoanode with optimized 

nanostructure and improved charge carriers’ conductivity. 

Indeed, it is not mandatory to improve the diffusion length of holes. As 

mentioned before, another considered strategy is the reduction of holes 

path distance from the generation site to the semiconductor/electrolyte 

junction where they are used for the water oxidation. 

Mesoporosity induces a higher specific surface and allows a deeper 

penetration of the electrolyte into the film compared to a dense film. This 

reduces the pathway of holes. In order to demonstrate the impact of the 

mesostructure on the performances of the film, a comparison between 

dense and mesoporous film was carried out. 

We have optimized the nanostructure of the photoanode by a templating 

approach to prepare mesoporous hematite films. Soft-templating is a 

common technique already implemented in our group for the preparation 

of porous metal oxide such as TiO2
63,64, LiV2O5

65, Nb2xV2-2xO5
66. The 

challenge was to adapt this technique to the preparation of hematite 

because the crystallization temperature of hematite is relatively high 

(450°C)67 compared to other oxides such as TiO2 anatase (350°C)63. 

For the improvement of electron conductivity, the solution envisaged in 

the literature is the doping. As explain in the previous section, a lot of 

different dopants can be used. We have decided to add titanium because 

the sol-gel chemistry of titanium oxide is compatible with the soft-

templating process. As for the mesoporosity, films with and without 

dopant were tested in order to highlight the modifications induced by the 

addition of a dopant. 
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The performances, in terms of photocurrent obtained with the different 

films, were evaluated in order to identify the best procedure for the 

preparation of an efficient Ti-doped mesoporous hematite film. 

Moreover, other measurements such as TEM, XRD or EIS were 

performed in order to justify this best procedure compared to the others. 

I.6 Structure of the manuscript 

The different topics listed in the objectives are developed more in detail in 

six chapters. The content of these chapters is summarized here after. 

The general context and the objectives of the research were presented in 

Chapter I. 

Chapter II describes the different steps of the elaboration of a doped 

mesoporous hematite film. Specifically, the templating and the 

transformation of a hybrid film into a crystallized doped hematite film are 

reported. 

Chapter III is dedicated to the study of the microstructure effect on the 

performances of the film. Three different microstructures are compared: 

dense, collapsed and mesoporous. 

Chapter IV analyzes the impact of the presence of a dopant in the 

hematite films. Performances of doped and undoped films are compared. 

Moreover, impedance spectroscopy measurements were performed on 

different films to give some clarifications about the differences observed 

in terms of photocurrent. 

Chapter V presents perspectives of further developments of mesoporous 

hematite films. Specifically, measurements were carried out in a "holes 

scavenger medium" (H2O2) to simulate the efficiencies that could be 

obtained with a catalyst deposited onto the surface of optimized 

mesoporous Ti-doped hematite films. Besides, we report a mesoporous 

film prepared by ultrasonic spray pyrolysis, which is a deposition 

technique more transposable to the industry. 

Finally, the last chapter takes up the key points of the different chapters of 

the manuscript and gives some recommendations for future research 

works. 
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