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Extended Abstract 
 

The exploitation of renewable energy sources is one of the most addressed aspects for the 

sustainable development of human activities. Molecular hydrogen can be considered one of the 

most interesting energy vectors to fulfill humankindΩǎ ƴŜŜŘǎΦ Lƴ ǘƘƛǎ ŎƻƴǘŜȄǘΣ 

photoelectrochemical water splitting (PEC-WS) using solar energy to produce H2 at 

semiconducting materials is considered one of the most interesting technologies. In the present 

study, Cu2O was selected as cathode material for its correct band position for hydrogen evolution, 

together with nonςtoxic and low-cost starting material.  

The research activity was devoted to the development of photocathodes for the PEC-WS and 

their characterization under working conditions with different techniques. The work was divided 

in: 

I) The role of the underlayer in Cu2O photocathodes for PEC-WS; 

II) Characterization of copper oxide based materials under PEC-WS by X-Ray Absorption 

Spectroscopy (XAS) 

III) Characterization of Photoactive Semiconductor Materials by Cavity Micro-Electrodes 

(C_ME) & Scanning ElectroChemical Microscopy (SECM)  

IV) Development of new protective layers for the PEC_WS systems: FeOOH and CuO/Cu2O 

core-shell systems 

V) Application of the Density Function Theory (DFT) to study doping materials and vacancy 

formation in Cu2O  

1) The complete electrode scheme is constituted by (i) a transparent conductive support (usually 

FTO), (ii) a conductive underlayer of electrodeposited Cu, that is assumed to enhance the 

electron-hole separation (iii) the semiconductor, (iv) a thin transparent protective overlayer of 

about 80 nanometers. In the present study, the underlayer of Cu replaces the expensive and toxic 

Cr/Au underlayer. Therefore, a specific protocol for the preparation of the Cu2O photoconverter 

was developed and validated, obtaining good results in terms of generated photocurrent (Figure 

1). Appropriate modifications of underlayer deposition conditions also lead to large increase in 

the Cu2O photocurrents, thus denoting that the underlayer has a marked influence on the system 

performances.  

In the final deposition protocol, several parameters were defined and controlled: deposition 

potential and the relevant current intensity; temperature, pH and stirring conditions; loading 

(C/cm2) of Cu(0) underlayer and Cu2O active layer. In particular, the thickness of the Cu 

underlayer was controlled in order to obtain a transparent layer while maintaining high electric 

conductivity. Transparency of the entire support is an important feature, allowing the use of the 

electrode in both front and back illumination configurations. Moreover, a complete study of the 

copper lactate bath was performed with electrochemical methods and X-ray Absorption 

Spectroscopy (XAS). 



9 

 

The experiments show that the best fit is obtained by a model where four lactate ions act as 

monodentate ligands, 1:4 (Cu:L), in a distorted tetrahedral geometry.  

Notwithstanding the good results in photocurrent, the actual Cu2O photoconverter is able to 

work at the highest potential only for a few minutes and for this reason the development of a 

protective overlayer was mandatory as explained later. 

 

Figure 1. Comparison between photocurrents obtained with bare FTO (black line), Au (red line), Cu(0) (green and blue 

line) and as underlayers for Cu2O semiconductor under pulsed light in pH 11 buffer electrolyte. 

2) The short life of Cu2O photoconverter is due to photodegradation. In order to investigate this 

phenomenon, XAS measurements at Cu-K edge were performed to define photodegradation 

products, individuate stability potential window and elucidate the possible combined effects of 

light and potential.  

 

Figure 2. A) XANES spectra of Cu2O electrode: new, at 50%, and 75% reduction of the initial photocurrent. B) FEXRAV 

under dark and light conditions of Cu2O@Au@FTO electrode. 
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In-situ and operando techniques like X-Ray Absorption Near Edge Structure (XANES), Extended X-

Ray Absorption Fine Structure (EXAFS) and Fixed Energy X-Ray Absorption Voltammetry (FEXRAV) 

allow us to better understand material behavior. Changes in copper oxidation states upon light 

and/or applied potential were observed and with XANES was possible to evaluate the amount of 

photo-generated Cu(0) responsible of the loss of activity (Figure 2A). FEXRAV measurements 

allow following the material (photo)degradation and defining the stability windows (Figure 2B). 

With difference light and dark XANES spectra the local changes in electronic structure upon 

spectro-electrochemical conditions were also investigated.  

3) The photodegradation reaction showed by Cu2O, is common to many other materials for HER 

and OER (Oxygen Evolution Reaction,). This instability occurs when the redox potential of the 

material lies between valence band and conduction band. This implies that the photocurrents 

recorded in normal pulsed experiments are composed by the sum of water splitting and 

photodegradation. The novel method here presented allows the evaluation of the intensity of 

the photo-degradation processes, giving at the same time a rapid screening tool for differently 

prepared materials. Moreover, this method allows to evaluate the activity of a semiconductor 

without any influence of the supporting material. In addition, low experimental times and low 

amount of photo-produced material are required if compared to actual methods (GC and volume 

displacement). Scanning ElectroChemical Microcopy (SECM), here used in Tip Generation/ 

Substrate Collection mode (TG/SC), allows to discriminate between water splitting and photo-

degradation. The system is so composed:  

ω Tip (working electrode 1) is a micro cavity electrode filled with the semiconducting 

powder. The electrode potential is varied in the potential window of interest under light steps. 

ω Substrate is a Pt foil (working electrode 2) with potential fixed at the H2 (or O2) oxidation 

όǊŜŘǳŎǘƛƻƴύ ǾŀƭǳŜΣ ǿƻǊƪƛƴƎ ŀǎ ŀ άǇǊƻōŜέ ŦƻǊ ǘƘŜ ǎǇŜŎƛŜǎ ƻŦ ƛƴǘŜǊŜǎǘΦ 

 

Figure 3. Linear sweep voltammetry of CuXO powder recorded in TG-SC mode on SECM in pH 7 buffer electrolyte 

under pulsed light. B) Linear sweep voltammetry of TiO2 powder in NaOH 0.1M under pulsed light. 

Several materials were studied with good results: CuXO, CuI, NiO and TiO2. Influence of cavity 

depth and light intensity were tested too. From data analysis we can demonstrate different 

photocurrent efficiencies for the studied materials.  
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Obviously TiO2 is near to 100% (Figure 3B) as expected from its very high stability while other 

materials, as CuI, in spite the high photocurrents, shows very low amount of photogenerated H2. 

Material CuXO NiO CuI TiO2 

% of photoefficeincy 68-92% 28-53% 12-35% 75-100% 

 

4) Previously, we have seen how Cu2O photodegradation is due to the combination of light and 

potential. The phenomenon occurs because the photogenerated electrons have enough energy 

to reduce water but also to reduce the material itself. For this reason, the development of a 

protective layer that can avoid the photodegradation is of paramount importance. Different 

materials were considered, and the final choice falls on the two phases of iron oxyhydroxidŜΣ ʰ-

CŜhhI ŀƴŘ ʴ-FeOOH, non-toxic and low-cost materials, deeply studied because they are 

corrosion products of chlorate process cathodes. These materials were here studied by 

electrochemical and XAS techniques to gain information about their oxidation state during HER 

and its reversibility. Then the final interaction of FeOOH and Cu2O was studied to explore the 

possibility of protecting the Cu(I) oxide by 80 nm of a transparent FeOOH layer. 

Figure 4. Fraction of reduced CuO and current intensity as a function of the applied potential during a FEXRAV 

experiment of a CuXO electrode at 8981 eV in the dark (A) and under LED 400 nm illumination (B). 

A different approach was then adopted with the preparation of a CuO/Cu2O core-shell material 

(denoted as CuXO). CuXO is composed by a CuO core and an external shell of Cu2O with the 

proportion determined via FEXRAV. Cu2O is grown on CuO by cycling the potential as in Figure 4, 

and eventually a stable and active material for HER is obtained. We were also able to assess that 

CuO is not an active species for HER, but also that the electrochemically generated Cu2O (the true 

active material for HER) is protected from photo-degradation by the CuO core. 

Our explanation for this protective action lies in the relative band position of CuO and Cu2O. CuO 

has a smaller band gap (1.5eV) that lies inside the larger band gap of Cu2O. FEXRAV (Figure 4B) 

supports this explanation, since the signal becomes constant in time, to indicate that the material 

transformation is stopped and that the only reaction occurring at the electrode is hydrogen 

evolution.  

These results are in agreement with the high photoefficiency of the CuXO powder determined 

with SECM. 
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5) According to literature the p-type character of Cu2O is strictly related to the formation of 

copper vacancies in its lattice. Doping can enhance the formation of vacancies, improving the 

number of majority carriers (holes) and their mobility, and modifying the band gap by shifting the 

Cu2O states or by introducing an intermediate band within the band gap (Figure 5B).  On the basis 

of the electrochemical results obtained with different underlayers, this work firstly aims to study 

a large array of potentially effective metal underlayers.  

The role of Density Functional Theory (DFT) is herŜ ǘƻ Ǌŀƴƪ ǘƘŜ ǳƴŘŜǊƭŀȅŜǊǎΩ ŀǇǘƛǘǳŘŜ ƛƴ ƳƻŘƛŦȅƛƴƎ 

the properties of Cu2O, and, in particular, the formation of copper or oxygen vacancies in the 

semiconductor. 

Then, the doping of the material is studied for a selected number of transition metals. For each 

material, the valence and conduction band positions were computed as well as the number of 

vacancies and their formation energies. 

Eventually the influence of lattice strain on material band gap and energy levels is studied both 

with expansion and reduction of the Cu2O lattice after the deposition onto different substrates. 

The use of the alkaline metals as well as atomic hydrogen as dopants allowed to evaluate the 

influence of the dopant size on the doped material. 

 

Figure 5. A) Influence of lattice strain on Cu2O band gap. B) Density of states of Pd-doped Cu2O compared to pure 

material. 
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1.1 Hydrogen Economy 
This chapter synthetically discusses the main aspects that are at the basis of the so-called 

άƘȅŘǊƻƎŜƴ ŜŎƻƴƻƳȅέΣ ǎǘŀǊǘƛƴƎ ǿƛth a brief summary of the world energy production trends, with 

specific focus on the technologies for the H2 production, storage and delivery already available 

on the market or under development. A short market analysis is included aimed at estimating the 

future possibilities for these technologies. After this general review, the reader will enter more 

in the topic of the work with a discussion about the developing of PEC-WS system and the 

characteristic of the chosen material, Cu2O. Eventually, the different techniques used in this work 

will be briefly presented in order to make the reader more familiar with them in view of the 

successive discussion of the obtained results. 

1.1.1 Energy Trends 

!ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ нлмс L9! ǊŜǇƻǊǘ ƻƴ άYŜȅ ²ƻǊƭŘ 9ƴŜǊƎȅ ¢ǊŜƴŘǎέΣ ǘhe 2014 world energy 

production was 13800 Mtoe with an increase of 1.1 % compared to the previous year. This trend 

is quite expected due to the higher and higher energy demanding life of every day in OECD 

countries together an even higher contribute of countries like China, India and Brazil due to their 

extremely fast economical and industrial development. On a worldwide scale fossil fuels still play 

the main role in the energy supply (Figure 1A). Despite this, in the last 40 years but even more 

nowadays, a larger increase in the interest devoted in renewable sources (Figure 1B) is noticeable 
1.  

          

Figure 1. A) Total primary energy supplied by fuels in 1971 and 2014Φ LƳŀƎŜ ŦǊƻƳ άYŜȅ ²ƻǊƭŘ 9ƴŜǊƎȅ ¢ǊŜƴŘǎΣ L9! 
нлмсέ. B) Global annual change in energy production. In dark-blue is reported the long-term change, in light-blue the 
short one related to 2013-2014. LƳŀƎŜ ŦǊƻƳ άYŜȅ ²ƻǊƭŘ 9ƴŜǊƎȅ ¢ǊŜƴŘǎΣ L9! нлмсέ 1. 

This trend is even more evident looking at the 105 TWh decrease in fossil fuels consumption for 

electricity generation, followed by an 11% increase in renewable sources to compensate this 

decrease (Figure 2A). Looking at the sources, coal is still the most used with 29% of the total 

produced Mtoe but is interesting how the percentage of renewable sources is increasing. 

Between the latter is possible to notice how, while hydro have more or less reached its maximum 

capacity, other sources like solar, wind, bio and geothermal are the main actors in the fossil fuel-

free alternatives growth. Their contribute was big in the last decades and they will be the majority 

of the estimated generation sources in the next 20 years (Figure 2B) 2. 
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Figure 2. A) OECD electricity generation 2014-2015 changes.  LƳŀƎŜ ŦǊƻƳ άYŜȅ ²ƻǊƭŘ 9ƴŜǊƎȅ ¢ǊŜƴŘǎΣ L9! нлмсέ. B) 
OECD renewable electricity generation 2000-2040 in billions of KWhΦ LƳŀƎŜ ŦǊƻƳ άYŜȅ ²ƻǊƭŘ 9ƴŜǊƎȅ ¢ǊŜƴŘǎΣ L9! 
нлмсέ 1. 

Of Course, this are general trend, looking in more detail in the single countries some differences 

could be evident according to different economically and politically related energetic plans. In 

Figure 3 is reported the estimated trend for U.S until 2040 with respect to the political 

agreements before 2017. 

 

Figure 3. U.S energy production at 2016 and projection to 2040. Image from IEA Annual Energy Report 2017 3. 

This large increase in renewable sources market is mostly due to the need to face the last century 

climate changes, together with a significative decrease in these technologies price and increase 

in efficiency. Wind and solar photovoltaics (PV) are the sources with the fastest growth mainly 

because the great effort of researchers who sustain their technological progress and also thanks 

to the subsidies and financing condition performed by several governments. We can easily see 

how the cost of wind and solar generated electricity decreased of 80 and 35% respectively 

between 2008 and 2015 (Figure 4) making these technologies almost ready to be competitive, 

mature and economically affordable 4ς6. Figure 5 shows in detail the price reduction in Italy 

occurred in those years. 
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Figure 4. Indexed cost of onshore wind, utility-scale PV and LED lighting, 2008-нлмрΦ LƳŀƎŜ ŦǊƻƳ άbŜȄǘ DŜƴŜǊŀǘƛƻƴ 
²ƛƴŘ ŀƴŘ {ƻƭŀǊ tƻǿŜǊΦ CǊƻƳ Ŏƻǎǘ ǘƻ ǾŀƭǳŜ ōȅ L9! нлмсέ 4. 

 

Figure 5. System prices in Italy 2008-2013. Image from Technology Roadmap, Solar Photovoltaic Energy, IEA, 20146. 
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1.1.2 Smart Grids 

Simultaneously to their growth, the renewable sources based system, need the development of 

a smart grid in the near future or the development of a sustainable and efficient storage 

system7,8. With renewable sources indeed, the total input in the power grid is floatable and 

strongly related to the availability of the source (wind, sun etc..).  

 

Figure 6. Average electricity demand (in MW) during the day recorded in the U.S. Image from Lawrence Berkeley 
National Laboratory. The same trend can be assumed for all the developed countries. 

Moreover, the total load connected to the power grid can significantly vary over time depending 

on season and time of the day (Figure 6). Traditionally, to respond to a rapid increase in power 

consumption, generators never work at the maximum load.  Transmission and distribution 

infrastructures allow bidirectional energy flows with small (on domestic scale) and distributed 

renewable inputs coming. A large implementation, far away better than the actual, will be not 

easy and the presence of an efficient energy storage system will be mandatory. Batteries cannot 

fulfill this aim due to their low energy density (Figure 7 and Figure 16) and high cost mostly for 

large scale applications9. Ragone plots provide the available energy of an energy storage devices 

(ESD) for constant active power request. The qualitative form of Ragone plots strongly depends 

on the type of storage (battery, capacitor, SMES, flywheel, etc.). We can see how the specific 

energy density for lithium ion batteries (and batteries in general) is 1-2 order of magnitude lower 

respect to fuel cell based systems. The specific power of the formers is higher but for large 

application the cost will be prohibitive8,10. 

In this view, hydrogen seems to be one of the most promising energy vectors both on the large 

and the small scale. Indeed, H2 can be easily produced from large facilities (windmill fields) but 

also from small solar applications. Solar production pathways are also promising because their 

higher production is during the time of the day with the higher demand.  
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Figure 7. Ragone plot comparing the performance of various systems. Figure from T. B Schon, The rise of organic 
electrode materials for energy storage, Chemical Society Reviews 45(22), 2016 11. 

Figure 8 shows a schematic representation of a smart grid composed by the central distribution 

with large-scale facilities surrounded by several small distributed producers based on renewable 

energies. Different storage systems based on energy vectors like hydrogen have to be 

implemented in order to keep the energy demand/production constant despite the possible 

fluctuation of customer demand and renewable sources production12. 

 

Figure 8.{ƳŀǊǘ ŘƛǎǘǊƛōǳǘƛƻƴ ƎǊƛŘǎ ŀǘ ǘƘŜ ƘŜŀǊǘ ƻŦ ŀ ǇƻǿŜǊ ǎȅǎǘŜƳΦ LƳŀƎŜ ŦǊƻƳ άbŜȄǘ DŜƴŜǊŀǘƛƻƴ ²ƛƴŘ ŀƴŘ {ƻƭŀǊ tƻǿŜǊΦ 
CǊƻƳ Ŏƻǎǘ ǘƻ ǾŀƭǳŜ ōȅ L9! нлмсέ 4. 
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1.1.3 Hydrogen as Energy Vector 

Hydrogen gas is the simplest molecule on earth and is one of the most promising energy vectors 

for a clean and sustainable energetic future of humankind. Molecular hydrogen is not an energy 

source because it has to be produced, but is a carrier. Fossil fuels are both a source and a carrier 

because an energy vector is a substance or a system containing energy that can be later 

converted to other forms such as mechanical work or heat or to operate chemical or physical 

processes. Such carriers include springs, electrical batteries, capacitors, pressurized air, dammed 

water, hydrogen, petroleum, coal, wood, and natural gas. 

Once produced hydrogen, apart from its use as chemical that is its main actual destination, can 

be consumed in fuel cells to generate power thanks to the conversion of chemical energy into 

electricity through an electrochemical reaction with oxygen or another oxidizing agent. Fuel cells 

are different from batteries in requiring a continuous source of fuel and oxygen (usually from air) 

to sustain the chemical reaction, whereas in a battery, the chemical energy comes from chemicals 

already present in the battery. Fuel cells can produce electricity continuously for as long as fuel 

and oxygen are supplied and as additional advantage they produce only heat and water as by-

products. In this view, hydrogen can be used from small applications to bigger ones (portable 

powers, houses, cars, and even satellites and space capsules). According to IEA hydrogen-based 

technologies are best suited to large-scale electricity storage applications (from wind and PV) at 

the 10-1000 megawatt scale (Figure 9)13. 

 

Figure 9. Electricity storage applications and technologies. LƳŀƎŜ ŦǊƻƳ ά¢ŜŎƘƴƻƭƻƎȅ wƻŀŘƳŀǇ IȅŘǊƻƎŜƴ ŀƴŘ CǳŜƭ 
/Ŝƭƭǎ ōȅ L9!Σ нлмрέ 13. 

However, H2 is not to be restricted as an electricity storage system only. It could integrate surplus 

from variable renewable energies (VRE) electricity, but also be used as an energy source for end-

user fuel cell electric vehicles (FCEVs), transformed in synthetic methane (with a reduction of 

dispersed CO2 in the environment) or used as a feedstock, e.g. in the reefing industry. 
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Of course, all the hydrogen-based VRE final destinations needs different transformation steps 

that reduce the final efficiency as shown by Figure 10. Higher are the number of steps required 

higher are the losses in the overall process. 

 

Figure 10. Current conversion efficiencies of various hydrogen-based VRE integration pathways. The more the steps 
the less is the final efficiency. LƳŀƎŜ ŦǊƻƳ ά¢ŜŎƘƴƻƭƻƎȅ wƻŀŘƳŀǇ IȅŘǊƻƎŜƴ ŀƴŘ CǳŜƭ /Ŝƭƭǎ ōȅ L9!Σ нлмрΦέ 

1.1.4 Hydrogen Production 

There are different sources for hydrogen production. Some of them are well-established 

technologies, while other are still under research but enclose large and interesting possibilities 

for further developments. 

¶ Fossil fuels and natural gas: this is the most employed source nowadays for H2 production. 

The reforming of fossil fuels to obtain hydrogen from hydrocarbons is an advanced and 

mature technique that, by the way, will not make our society independent from fossil 

fuels consumption and abuse. Another used technology from fossil fuels is coal 

gasification but the same drawbacks of reforming are here present. 

¶ Nuclear energy:  able to work on large scale processes it can generate greenhouse gasses 

free H2 from water by electrolysis, thermochemical, and hybrid processes. Due to recent 

events, this technology is going to be dismissed in several countries. 

¶ Renewable sources: as biomass, wind, solar, geothermal, and hydroelectric power. Any 

of these clean processes can be split in different sub-categories: 

o Solar; use an abundant and unlimited source. Processes related to sunlight are 

Solar Thermochemical Hydrogen (STCH), Photoelectrochemical (PEC), Electrolysis, 

and Photobiological ones. A solar based system, the photoelectrochemical water 

splitting (PEC-WS) will be the main topic of this work. 

o Biomass; is another abundant and renewable source. Easily produced 

domestically it can be converted in H2 as well as in many other useful byproducts. 

An additional advantage of biomass-based processes is their ability of removing 

CO2 from atmosphere. The main processes are: Biomass gasification, biomass-

derived liquid reforming and microbial biomass conversion. 

o Wind; is an abundant but variable resource for the generation of electricity. Its 

proper use needs the development of a smart grid with a hydrogen based storage 

system able to generate H2 from water electrolysis. 
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Apart from natural gas reforming, all H2 production technologies require significant 

improvements before their commercial applicability. While some sustainable technologies are 

further from commercial readiness than others, all these production pathways have the potential 

to improve hydrogen availability and affordability while helping our society in moving away from 

fossil fuels dependence. Some technologies will be cost-competitive for the transition period, 

while others are considered longer-term technologies (Figure 11) 14.  

 

Figure 11. Scheme of H2 production in near, mid, and long term with different sources in which these technologies 
are expected to move into commercial production. Image from US Drive, Hydrogen Production Technical Team 
Roadmap 201314. 

According to the International Energy Agency (IEA) to fulfil the goals of the 2DS scenario, where 

there is at least a 50% chance of limiting the average global temperature rise of 2°C, a large 

increase (63%) of renewable power is needed within 205015. In order to reduce the amount of 

greenhouse gasses, fossil fuels consumption have to be reduced as well. We can see from the 

prediction that the leader technologies to afford this big change are expected to be wind and 

solar (Figure 12). As stated before, the growth of these technologies is strongly related to the 

development of an efficient hydrogen-based power storage system. 

As we can see from the prediction suggested by IEA, the main changes are addressed to wind and 

solar technologies that are supposed to fulfil a large portion of the future power production. 
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Figure 12. Prediction of global power sources change needed to fulfil the 2DS scenario. From Technology Roadmap 
Hydrogen and Fuel Cell 2015 (IEA)13.  

 

Figure 13. PV global electricity generation prediction in TWh until 2050. Image from Technology Roadmap, Solar 
Photovoltaic Energy, IEA, 2014 6. 

In the Scenario PV will provide 16% of global electricity by 2050 with China having a 35% share 

on the total production followed by US and India. 
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1.1.5 Hydrogen Production Facilities 

Actually, there are 3 different possible sizes for hydrogen production facilities: central, semi-

central and distributed16. The different resources and processes used in the hydrogen production 

are strongly related to the scale of the plant. 

Distributed Production: This is the most interesting approach for viable distribution of 

hydrogen in the near-term due to the initial small demand of hydrogen. H2 is produced in small 

units located where they are needed (e.g. vehicles refueling stations). The starting resources for 

such facilities could be ethanol and bio-oil or small-scale water (photo) electrolysis. Of course, 

the production cost in such small plants will be higher, but will allow to reduce transport and 

storage costs. 

Centralized Production: It includes facilities able to produce up to 750000 Kg/d of H2. Is 

the most interesting one for the storage of renewable energies due to the reduced cost of 

economies of scale. Off course, it will require more capital investments and efficient hydrogen 

transport and delivery infrastructures.  

Semi-Central Production: This is the most interesting for the long-term use of hydrogen 

thanks to its quite high hydrogen production (5000-50000 Kg/d) and its location in close proximity 

of the consumption sites (25-100 miles). This size is able to combine the reduced cost of scale 

economy together with minimized hydrogen transport costs 17. 

1.1.6 Hydrogen Delivery 

Hydrogen delivery is quite complicate despite some delivery technologies and infrastructures are 

currently available. Together with the limited spreading of hydrogen consumption from 

consumers, this is one of the main reasons why hydrogen actually is made in big facilities and 

used in-loco (e.g. near petroleum refineries H2 is produced for oil processing and chemical 

preparations like NH3). Indeed, H2 is the smaller and lightest molecule on earth (10 liter of H2 

have a mass of 0.00198 Kg) and it have to be pressurized to be delivered as compressed gas or 

liquefied. This means that is very important where H2 is produced and consumes due to the large 

volumes required to obtain the same amount of energy obtained from oil (e.g. 1kg of gasoline is 

equivalent to 1 Kg of H2 but the required volume is more than 3000 times higher). 

There are different methods for hydrogen transportation: 

Hydrogen Pipelines: The same pipelines for natural gas could be used for gaseous 

hydrogen. Some of them are operative but the high costs and the problems related to leakages 

and embrittlement, have limited this technology to large plants production such as petroleum 

refineries and chemical plants. 

Hydrogen Tube Trailers: H2 is compressed to the pressure of 180 bar in long and heavy 

cylinders stacked on trucks or on trains. This method is currently uncommon and typically not 

cheap unless the hydrogen is in its liquid form. 

Liquefaction: Hydrogen is most commonly transported and delivered as liquid. Gaseous 

ƘȅŘǊƻƎŜƴ ƛǎ ƭƛǉǳŜŦƛŜŘ ōȅ ŎƻƻƭƛƴƎ ƛǘ ǘƻ ōŜƭƻǿ ҍнроϲ/ ŀƴŘ ǘƘŜƴ ǎǘƻǊŜŘ in large insulated tanks. The 

liquefaction is expensive and consumes more than 30% of the H2 energy content.  
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Moreover, some stored hydrogen is lost due to evaporation or boil-off. This method is cheaper 

for longer distances but still challenging due to boil-off issues. 

Novel Hydrogen Carriers: Hydrogen is stored in a different chemical state rather than as 

free molecules. Hydrogen is bonded to other chemical compounds in the production plant and 

then released on consumption site. Potential carriers include metal hydrides, metal organic 

frameworks (MOF), carbon or other nanostructures, reversible hydrocarbons, or other liquids. It 

is a technology still under research and not ready for the market. 

Most of these technologies, are currently available but they are not sufficient for a widespread 

use of hydrogen unrelated with large scale industrial plants. Costs, risks and energetic losses are 

the most important reasons blocking this energy vector to be largely available for consumers18. 

 

Figure 14. Hydrogen transport and delivery technologies with the respective performances in transport distances, 
energy losses, technological developments and costs. Image from Technology Roadmap Hydrogen and fuel cell 2015, 
IEA13. 

Figure 15 gives an outline of the recommended systems and their expected actualization time. 

 

Figure 15. Roadmap for hydrogen delivery system predicted by Technology Roadmap Hydrogen and fuel cell 2015, 
IEA13. 
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Figure 16. Space required by different energy storage systems in litres. Image from Istitut fur Kraftfahrzeuge, 
Road2Hy.com 

From Figure 16 we can see how hydrogen is an interesting energy vector, apart from all its safety 

requirements if compared to batteries which are off course suitable only for smaller applications. 

If compared to the oil system, H2 requires higher volumes for the same amount of energy 

transported. 

1.1.7 Actual Use of Hydrogen 

The hydrogen production is nowadays quite low and mostly focused on chemicals production and 

oil refining. This is mainly due to the poor maturity of hydrogen based storage system. An 

improvement in this direction will surely come from the need of changing our energy supply 

system in the near-term due the lack of fossil fuels together with the need to stop climate 

changes19. 

 

Figure 17. Hydrogen consumption in Western Union (2013 data). Image from Istitut fur Kraftfahrzeuge, Road2Hy.com  

The total production is 19 million tonnes of oil equivalent per year. In energy terms, this is almost 

equivalent to 0.5% of the ǿƻǊƭŘΩǎ ŀƴƴǳŀƭ ƻƛƭ ŎƻƴǎǳƳǇǘƛƻƴ ŀƴŘ ƛǎ ǇƻǎǎƛōƭŜ ǘƻ ƴƻǘƛŎŜ Ƙƻǿ the 

energetic use is absolutely not contemplated (Figure 17). 
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1.1.8 The Hydrogen Cost 

The high production cost is the main challenge for H2 production. Find a fossil-fuels free 

production, with a cost-competitive transport and storage system compared to conventional 

fuels and technologies is the goal that hydrogen must reach to be largely implemented in our 

lifes. Moreover, increase hydrogen energy efficiency, achieve high hydrogen purity, and minimize 

leakages from storages are additional tasks that must be fulfilled. 

The goal is to reduce the price for hydrogen production to less than 4$/Kg delivered and 

dispensed (this goal is actually achieved only by natural gas reforming) from environmental 

friendly route. The cost at which hydrogen fuel cells electric vehicles will be competitive is 

estimated to be $2-$4/gge (gasoline gallon equivalents). The following table from DOE (U.S 

Department of Energy) lists the technical targets, the costs and the performance parameters that 

different renewable systems should fulfill to be competitive20.  

 

Figure 18.  DOE Hydrogen production cost reduction goals. Image from Hydrogen Production Technical Team 
Roadmap 2013, DOE14. 
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To achieve these results some technological barriers should be overcome21,22. 

¶ Hydrogen quality: this is one of the major issues for H2 destined to fuel cells due to the 

possible poisoning of Pt catalysts in these systems. Therefore, hydrogen technologies 

must produce directly high-purity hydrogen or incorporate low-cost purification systems 

downstream. 

¶ Control and safety: Working with a high-combustible molecule requires strict safety 

requirements with remote monitoring and maintenance schedules. 

¶ Capital and operating costs: nowadays, the cost is still too high to be competitive and for 

this reason the development of better materials and larger-scale manufacturing are the 

main routes to follow to reduce capital costs. 

¶ Community acceptance barriers: regulations, codes, education. 

Each source has its R&D priorities: 

 

Figure 19. R&D priorities for the most developed H2 production technologies. Image from Hydrogen Production 
Technical Team Roadmap 201314. 

In Table 1 are reported the actual and the predicted costs for hydrogen production in $/Kg.  

Technology Cost 2011 Cost 2015 Cost 2020 Final target 

Photoelectrochemical water splitting N.A 17.30 5.70 2.10 
Biomass gasification/pyrolysis 2.20 2.10 2.00  
High-temperature Thermochemical H2 
production 

NA 14.80 3.70 2.00 

Photolytic Biological H2 production NA NA 9.20 2.00 
Photosynthetic bacterial H2 production NA 3.00 4.50  
Dark fermentative H2 production and 
Microbial Electrolysis Cells 

13.50 10.00 8.00  

Water electrolysis (distributed) 6.60 5.60 4.00  
Water electrolysis (centralized) 4.10 3.00 2.00  
High-Temperature Ethanol reforming 9.10 7.70 4.00  

 

Table 1. Different H2 production technologies and their predicted costs in the next years. 
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Is possible to notice how only the biomass gasification is actually able to fulfil the DOE threshold 

for H2 cost sustainability. This is indeed the most mature technology, but it still presents some 

big drawbacks. The main ones are the need of highly-localized structures close to the feedstock 

production, the high dependence from the feedstock type and the limited flexibility. 

 

Figure 20. Main drawbacks of biomass/coal gasification for H2 production. Image from Hydrogen Production section 
of the Fuel Cell Technologies Office's Multi-¸ŜŀǊ wŜǎŜŀǊŎƘΣ 5ŜǾŜƭƻǇƳŜƴǘΣ ŀƴŘ 5ŜƳƻƴǎǘǊŀǘƛƻƴ tƭŀƴέ ƻŦ ¦Φ{Φ 
Department of Energy22. 

Due to the large amount of risks and costs related to the H2 transportation and storage is 

suggestion of this work to move to semi-central or distributed production with the use of 

renewable sources like sun and wind. Compared to biological processes these systems are indeed 

more efficient and are not limited by the availability of the proper biomass. Sun-driven systems, 

like PEC-WS are a promising route to directly obtain hydrogen from the solar light without the 

additional step of electrolysis required as example by the wind-generated H2 production systems. 

The main advantage of PEC-WS is its ability to generate chemical energy from light as hydrogen. 

An additional advantage is the high purity of the so produced hydrogen that can be used as 

reagent for fuel cells without undergoing to further purification steps.  

Moreover, in the last years, people attention to solar-based systems is largely increased and 

domestic installations increased up to 400%. Is of paramount importance that public opinion and 

market moves toward this direction in order to improve the spreading of these new technologies. 

Figure 21 shows the wide acceptance of solar technologies all over the world with its exponential 

growth in the last years. 
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Figure 21. Increase in the global installed capacity of residential-scale solar PV (2010-2014) in the world. Image from 
International Renewable Energy Agency (IRENA)23. 

Between all the suggested routes for H2 production, photoelectrochemical water splitting, the 

main topic of this work, has in addition some further advantages. 

¶ It is a technology that can be used both for large central applications and for semi-

distributed facilities like fuel stations for new fleets of hydrogen vehicles without any 

additional distribution cost.  

¶ No need of any supply of feedstock, it only needs sunlight and water. 

¶ Higher production during the time of the day with higher users demand. 

¶ High purity product with less purification steps required (compared for example with 

biomass H2) being more suitable for fuel cells usage without any poisoning of the Pt 

catalysts. 

¶ Well-developed knowledge on the materials thanks to consolidated PV technology. 

¶ According to the projections the cost of photoelectrochemical hydrogen is on the way to 

be competitive. 
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1.1.8.1 Photoelectrochemical Hydrogen Production Cost:  

Characteristics Units 2011 
Status 

2015 
Target 

2020 
Target 

Ultimate 
Target 

Photoelectrochemical hydrogen 
costa 

$/kg 
NA 17.30 5.70 2.10 

Capital cost of concentrator and 
PEC receiver (non-installed, no 
electrode) 

$/m2 
NA 200 124 63 

Annual electrode cost per TPD 
H2

b 
$/yr-TPD 
H2 NA 2.0M 255K 14K 

Solar to hydrogen (STH) energy 
conversion ratio c,d 

% 
4 to 12 15 20 25 

1-sun hydrogen production ratee kg/s per m2 3.3x10-7 1.2x10-6 1.6x10-6 2.0x10-6 

a Hydrogen cost represents the complete system hydrogen production cost for purified, 20bar compressed gas. 

System level losses and expenses due to solar collection/concentration, window transmittance/refraction, 

replacement parts, operation, and maintenance are included in the cost calculations 

b Annual electrode cost refers to the annual replacement cost of the PEC photoelectrode panel normalized by the 

design capacity of the system (in metric tons H2 per day). Electrode cost includes both the material and 

manufacturing cost of the PEC electrode used within the reactor. 

c STH energy conversion ratio is defined as the energy of the net hydrogen produced (LHV) divided by full-spectrum 

solar energy consumed. For systems utilizing solar energy input only, the consumed energy is calculated based on 

the incident irradiance over the total area of the solar collector. For hybrid systems, all additional non-solar energy 

sources (e.g., electricity) must be included as equivalent solar energy inputs added to the denominator of the ratio 

d The Status of STH ratio is in the range of 4% and 12% for different semiconductor material systems exhibiting 

different levels of operational durability. Thin film material systems have been demonstrated with STH >4% for 

hundreds of hours 

e The hydrogen production rate in kg/s per total area of solar collection under full-spectrum 1-sun incident irradiance 

(1,000 W/m2). Under ideal conditions, STH can be related to this rate as follows: STH = H2 Production Rate (kg/s per 

m2) * 1.23x108 (J/kg) / 1.00x103 (W/m2). Measurements of the 1-sun hydrogen production rate can provide an 

invaluable diagnostic tool in the evaluation of loss mechanisms contributing to the STH ratio. 

Example Parameter Values to Meet Cost Targets for PEC-WS H2 Production 

Characteristics Units 2011 Status 2015 2020 Ultimate 

Solar to hydrogen (STH) energy conversion ratio % NA 15 20 25 

PEC electrode costa $/m2 NA 300 200 100 

Electrode cost per TPD H2
b $/TPD NA 1.0M 510K 135K 

Electrode replacement life-timec Years NA 0.5 2 10 

Balance of plant cost per TPD H2
d $/TPD NA 420K 380K 310K 
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a PEC photoelectrode cost refers to the material and manufacturing cost of the PEC electrode. Area is based on the 

actual area of the electrode itself.   
b This parameter is the PEC photoelectrode cost (as defined above) normalized by the metric tons per day of 

hydrogen design capacity of the electrode.  
c Electrode replacement lifetime denotes the projected total duration of the electrode being immersed in electrolyte 

and under cyclic solar illumination until process energy efficiency drops to 80% of its original values. Thus, a 10-year 

electrode replacement lifetime refers to 10 years of operation under diurnal cycles and approximately 5 years of 

actual hydrogen production.  
d This parameter denotes non-electrode, non-concentrator/PEC receiver, non-installation balance of plant costs 

normalized by the metric tons per day of hydrogen design capacity of the electrode. 

bƻǘŜΥ ŀƭƭ ǘƘŜ ǇǊŜǾƛƻǳǎ Řŀǘŀ ŀǊŜ ǘŀƪŜƴ ŦǊƻƳ άIȅŘǊƻƎŜƴ tǊƻŘǳŎǘƛƻƴ ǎŜŎǘƛƻƴ ƻŦ ǘƘŜ CǳŜƭ /Ŝƭƭ ¢ŜŎƘƴƻƭƻƎƛŜǎ 

Office's Multi-¸ŜŀǊ wŜǎŜŀǊŎƘΣ 5ŜǾŜƭƻǇƳŜƴǘΣ ŀƴŘ 5ŜƳƻƴǎǘǊŀǘƛƻƴ tƭŀƴέ ƻŦ ¦Φ{Φ 5ŜǇŀǊǘƳŜƴǘ ƻŦ 9ƴŜǊƎȅΦ For 

full details about technical targets and process conditions the reader is invited to look at the original data. 

Of course, PEC-WS cannot be the only method for hydrogen production but will surely be one of 

the available alternatives in the near-future portfolio for clean and sustainable semi-central and 

central hydrogen production. Is indeed not suggested to focus the whole world energy economy 

on a single route as we have done until now with fossil fuels. 
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1.2 Photoelectrochemical Water Splitting (PEC-WS) 

1.2.1 Semiconductor Materials 

Semiconductors are materials characterized by a full valence band (VB) and an empty conduction 

band (CB). The band gap, compared to those of insulating materials, is quite small, in the range 

of 1-2.5 eV. Thanks to this small forbitten energy band, a small number of electrons can move 

from the VB to the empty CB just because of thermal energy. The number of electrons that can 

jump from VB to CB because of thermal energy is given by: 

ὲ ὲὝ ϽὩ  

 

Where n is the number of electrons, n0 is a constant specific for the semiconductor, T is the 

absolute temperature and Eg is the value of the band gap. From a basic analysis of the 

dependence of n from T is possible to notice how semiconductors present a positive thermal 

conductivity coefficient. Indeed, growing the T, the number of electrons leaving the VB increase. 

Photons of the proper wavelength can also induce the same behavior.  

Once an electron leaves the VB, an empty level is generated inside the VB in place of the moved 

electron. This empty level, formally positive, is called hole. Usually, in a semiconductor, a hole 

and a free electron tend to recombine with the restoration of the previous bond. The 

recombination time is in the range between micro and milliseconds.  

1.2.2 Doping 

By defining the Fermi level as the energy at which half of the electronic levels are occupied, it is 

easy to understand how in a pure semiconductor it lies in the middle between CB and VB24,25. 

 

Figure 22. Bands disposition in a pure semiconductor. The Fermi level characterizes the hypothetical energy level of 
an electron and lies between VB and CB. Scheme adapted from Chapter II, Bruno Scrosati, Celle fotovoltaiche25. 

/ƻƴŘǳŎǘƛƻƴ .ŀƴŘ 

CŜǊƳƛ [ŜǾŜƭ 
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In a pure semiconductor, the number of holes and free electrons is the same. The semiconductor 

is then called intrinsic. The addition of different atoms in the lattice (dopants) can modify this 

situation giving to a doped semiconductor with extrinsic properties (Figure 23).  

 

Figure 23. a) n-type semiconductor with a dopant having an additional electron with respect to Si; b) p-type 
semiconductor with a dopant having one electron less with respect to Si. Image from Chapter II, Bruno Scrosati, Celle 
fotovoltaiche25. 

If a V group dopant is added to a silicon crystal, the structure will present a weakly bonded 

additional electron is its lattice. Is then very easy, also with small energies, make this electron 

free. In this way, a n-type semiconductor is generated, and the formal charge of the system is 

negative. The added atom is called donor because add an electron to the system. On the other 

side if in pure Si crystal is added a III group impurity the semiconductor is formally positive (one 

electron is missing) and the atom is called acceptor. This type of semiconductor is called p-type 

extrinsic semiconductor. The formation of a p-type or n-type semiconductor can shift the position 

of the Fermi level because of the presence the acceptor and donor level respectively26. 

 

Figure 24. Band diagrams for an extrinsic semiconductor of p-type and n-type.  

In a n-type semiconductor, electrons are the majority carriers (holes are called minority carriers), 
so once an electric field is applied, the current is mainly transported by electrons.  Opposite 
situation for a p-type semiconductor where holes supply the conductivity. 
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1.2.2.1 The Energy Scale 

 

Figure 25. Schematic representation for the conversion between the absolute energy scale (on the left) and the 
electrochemical one (on the right). Advances in Physical Chemistry Volume 2011 (2011), Article ID 786759, 20.27 

First of all, is important to define the absolute energy scale and correlate it with the 

electrochemical one. In the first one, mostly used by physics, the zero value is the energy of 

electrons in the vacuum, in the second on, is the standard redox potential of hydrogen electrode. 

The conversion factor is -4.5 eV. 

1.2.3 Photoelectrochemical Water Splitting 

Photoelectrochemical water splitting is one of the promising routes for the renewable hydrogen 

generation in a future hydrogen economy. The process occurs thanks to semiconductor materials 

with the appropriate band gap and bands alignment respect to hydrogen evolution reaction (HER) 

and oxygen evolution reaction (OER) for a photocathode and a photoanode respectively. The 

semiconductor is immersed in a water-based electrolyte while the sunlight is the driving force for 

the water splitting reaction. The advantages of PEC-WS system are that it involves a relative 

simple process (compared to other H2 production routes) and that it can work in wide range of 

temperatures (basically no upper limit and lower limit higher than 0°C) and the absence of a 

warm-up step (if the temperature is above 0°C).  

In a photoelectrochemical cell, the semiconductor is in direct contact with a redox couple. Once 

the electrolyte-semiconductor interface is created semiconductor and solution electrochemical 

potentials tend to equilibrate themselves to the same value. In the semiconductor, the 

electrochemical potential is given by the Fermi energy, in the solution is given by the Nernst 

potential of the redox couple. 
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If the Fermi level of a p-type semiconductor is lower than the one of the electrolyte, once 

immersed, holes will move from the semiconductor to the electrolyte. This will create an 

electrons-rich area with respect to the bulk of semiconductor. Therefore, a band bending with a 

potential barrier able to stop any further transfer from the semiconductor to the electrolyte is 

formed. 

Under light, photons with higher energy than the band gap are absorbed by the material creating 

electrons-holes coupleǎΩ due to excitation of electrons present in the VB. The so generated 

electrons and holes move in opposite directions under the influence of the applied electric field. 

In a p-type material, electrons go to the solution while holes move toward the bulk 

semiconductor and then to the counter electrode. The use of an external bias, can be useful to 

overcome eventual overpotentials and to improves the band bending giving an efficient charges 

separation 28,29.  

There are some requirements for a PEC-WS system to work properly. 

¶ An efficient absorption of solar light to induce excited states inside the semiconductor. 

¶ A good charges separation to avoid recombination between the excited electrons and the 

holes. This will ensure a high light-to-chemicals conversion. 

¶ The proper bands position to fulfill the desired reactions from the thermodynamically and 

kinetic points of view. 

¶ High stability to photodegradation processes. 

Is not easy to accomplish all these points mainly because semiconductors able to perform the 

desired reaction without undergoing to photodegradation show a wide band gap that reduce the 

portion of solar spectra available for the absorption (e.g. TiO2 with a 3eV band gap can absorb 

only in the UV) 30. 

Anyway, if these requirements are satisfied at a photoanode will take place the following 

reaction: 

Ὄὕ 
 
ᴼ
ρ

ς
ὕ ςὌ ςὩ  

While at a photocathode will take place the water reduction thanks to the high energy electron 

excited in the CB. 

ςὌὕ ςὩ 
 
ᴼ ςὌ   ςὕὌ 
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1.2.3.1 Side Reactions 

 

Figure 26. Schematic representation of the possible pathways that electrons and holes can follow after the irradiation 
of the semiconductor. Image from Angew. Chem. Int. Ed. 2013, 52, 812 ς 84731. 

The desired electrons transfer is not the only available route for holes and electrons. Figure 26 

summarizes the different processes occurring after the absorption of a photon in a 

semiconductor material immersed in an electrolyte with a donor D and an acceptor A. Once light-

excited electrons and holes are located close to the corresponding edges of energy bands they 

can undergo nonradiative and radiative recombination and trapping (reactive and non-reactive) 

on surface sites. These undesired paths for the electron-hole couples reduce the conversion 

efficiency of sunlight to H2 (and O2).  

The main cause of material degradation is the electron-transfer reaction to the material itself 

with consequent loss of activity, but this reaction is not included in the scheme. Such process 

does not occur on any semiconductor, e.g. TiO2 is a stable from this point of view, but ZnS, CdS 

or Cu2O tend to be reduced to the corresponding metals (see Figure 31). This photo-degradation 

reaction is even stronger for very pure materials suggesting the importance of doping 31. 
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1.2.3.2 Stability of the Semiconductor 

Of all the undesired processes occurring after electron-hole excitation the worst one is 

photodegradation that reduce material activity with time. Indeed, the main problem of 

semiconductors for photoelectrochemical water splitting is their poor stability to 

photodegradation processes.  

 

Figure 27. Models of thermodynamic stability. a) thermodynamic stability, b) possible anodic and cathodic 
photodegradations, c) possible anodic degradation, d) possible cathodic degradation. Image from Chapter II, Bruno 
Scrosati, Celle fotovoltaiche. 

The comparison of VB and CB levels with respect to the redox potentials of semiconductor 

decomposition reactions gives an idea of the stability. There are 4 different situations: 

¶ Thermodynamic stability: the redox potentials of anodic and cathodic decomposition 

reactions are respectively more negative and more positive then the VB and CB.  

¶ Anodic and cathodic degradations:  both redox potentials for degradation lie inside the 

BG. The material can then be affected by both electrons reduction and holes oxidation. 

¶ Anodic degradation: the semiconductor is stable from cathodic degradation because CB 

is more negative than that redox potential. The material is moreover still affected by 

anodic corrosion performed by holes. 

¶ Cathodic degradation: the material is safe from the possible holes degradation but is 

subdued to the cathodic one performed by the high energy electrons excited in the CB 

under light. 

The photodegradation process is in competition with the desired one of surface electrons 

transfer. The reaction with less work required is the favored one but also the kinetics is important 

and for this reason it is not always easy to predict the final behavior of the material32. Other 

important parameters affecting the stability are electrolyte concentration and pH, temperature, 

impurity levels and other parameters (e.g. stirring that can affect the rate of electrode processes). 
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1.2.3.3 PEC Photocell Cost Factors  

A key factor in cost-effectiveness of PEC photocells is the PV components cost, which has been a 

significant barrier to low-cost solar cells and low-cost PEC systems in the past. For the photocell, 

pathways to reduced costs are:  

ω aƛƴƛƳƛȊƛƴƎ ǘƘƛŎƪƴŜǎǎ ƻŦ ƛƴŘƛǾƛŘǳŀƭ t± ƭŀȅŜǊǎ. 

ω ¦ǎŜ ƻŦ ƭƻǿ Ŏƻǎǘ ǇǊƛƴǘƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ƳŀǘŜǊƛŀƭs deposition. 

ω Use of lower cost PV materials. 

ω [ƻǿ Ŏƻǎǘ ŎƻƴŘǳŎǘƛǾŜ ŎƻŀǘƛƴƎǎ ǘƻ ǇǊƻǘŜŎǘ ŀƎŀƛƴǎǘ ŎƻǊǊƻǎƛƻƴ.  

Year Production Scale Cost/gge (produced) 

2015 Target Central 
¶ Photoelectrode system 

¶ Photo-particle system 

$ 17.30 
$28.60 

2020 Target Central 
¶ Photoelectrode system 

¶ Photo-particle system 

$5.70 
$4.60 

 

Table 2. Prediction of H2 total cost/gge produced. Table from Technoeconomic Analysis of photoelectrochemical (PEC) 

Hydrogen Production, DOE 33. 

1.2.3.4 The PEC-WS Challenges 

The main challenges that have to be overcome in this system are: 

¶ Long lifetime for photoelectrodic materials (mainly due to (photo)corrosion processes). 

¶ Proper thermodynamic bands edge alignment for the redox reactions. 

¶ Fast kinetics for HER/OER. 

¶ High photons efficiencies with suitable optical band gap for optimal light absorption. 

¶ Good charges transport in the bulk semiconductor. 

¶ Reduced internal resistance losses. 

¶ Reduced undesired paths for excited electrons and holes (trapping, recombination etc. 

See Figure 26). 

¶ Reduced plant capital costs. 

¶ Low-cost materials with wide availability. 

Between all the renewable available technologies is our opinion that PEC-WS will be a valuable 

alternative for the storage of energy in the near future. It is a technology almost ready and 

mature for electrode reactors. Despite the higher cost of the predicted H2 production in these 

systems, continuous improvements in this field are promising for the future scalability of this 

technology. 
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The aim of this work is to develop a stable, low-cost and efficient photocathode for the 

photoelectrodes system to make the produced H2 price for these systems more affordable. 

Different approaches were considered:  

¶ First of all, to improve the material is important to have a full knowledge of the interfacial 

processes occurring under working conditions. The research was mainly devoted on new 

methods for the evaluation of photodegradation processes using innovative techniques 

like X-ray Absorption Spectroscopy (XAS) and Scanning Electrochemical Microscopy 

(SECM). 

¶ Then was important to select a cheap material with high performance. Cu2O was found 

to be the best candidate. Moreover, in order to reduce the price of the whole electrode 

setup and improve its stability, studies on the nature and role of underlayer were 

performed in order to avoid the use of expensive materials like Au (see Result and 

Discussion section). Eventually the study of a cheap protective overlayers was taken in 

account. 

¶ To achieve better material performances the proper modifications of the band gap were 

considered. Improving the absorption will increase the number of photons than can be 

used to produce H2 (and then the STH efficiency). The possibility of tuning the BG with 

doping or strain effect was performed by the use of Density Functional Theory (DFT). 
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1.3 Cu2O General Review 
In this section is given a brief review of the most relevant properties of Cu2O. 

1.3.1 Crystalline Structure 

Cu2O crystallizes in the so-called cuprite structure, a simple cubic Bravais lattice with the 

symmetry of the 224th space group (O4h, Pn3m). Few other compounds have the same structure 

as Ag2O, Pb2O, Cd(CN)2 and Zn(CN)2. Inside the unit cell the oxygen ions are located on a bcc sub-

lattice, while copper ions on a fcc sub-lattice. Inside the cell the copper ions are on the vertices 

of an oxygen tetrahedron and they are twofold coordinated with the oxygen ions (D3d site 

symmetry), whereas the oxygen ions are fourfold coordinated with copper (Td site symmetry)34,35.  

The lattice is composed by two interpenetrating sub-lattices in which each oxygen is surrounded 

by 4 copper atoms and each copper is directly connected with 2 oxygen atoms by linear bonds36. 

Conduction arises from the spontaneous formation of Cu vacancies inside the lattice that creates 

holes in the valence band (VB). The top of the VB is composed by Cu 3d states while the 

conduction band by a mixture of Cu 4s and O 2p. In Figure 28 is reported the 2x2x2 supercell with 

the two interpenetrating sub-lattices marked in two different colors. 

 

Figure 28. VESTA representation of a Cu32O16 supercell. Oxygen atoms are in red while the Cu atoms of the two 
interpenetrating sub-lattices are showed in green and blue. 

Lattice constants and crystal structure have been usually measured by Xςray powder diffraction 

(XRD) using Cu-K radiation (Table 3). Cu2O transforms from the cuprite to a hexagonal structure 

at a pressure of 10 GPa (a = 4.18Å). This hexagonal form changes in the pressure range from 13 

to 18 GPa into another hexagonal form, with CdCl2 type structure. Up to 24 GPa, the highest 

pressure generated, no decomposition of Cu2O into Cu and CuO was observed. Despite this, the 

only structure considered in this work is the one stable at atmospheric pressure. 

It is important to note that the given values are almost independent of the temperature, because 

Cu2O has a very small expansion coefficient (the lattice constants change less than 0.5% from 0 

to 600K). However, a very interesting behaviour of the Cu2O is its negative thermal expansion 

below 300K37.  
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Lattice Parameters Values Units 

[ŀǘǘƛŎŜ Ŏƻƴǎǘŀƴǘ άŀέ 4.27 Å 

Cu-O bond length 1.85 Å 

O-O bond length 3.68 Å 

Cu-Cu bond length 3.02 Å 
 

Table 3. Tabulated lattice parameters for Cu2O obtained by XRD. Data from Werner, A. and Hochheimer, H. D. Highς
pressure Xςray study of Cu2O and Ag2O. Physical Review B, 25 (1982), 592938. 

1.3.2 Cu2O General Properties 

In the following table are reported some parameters of interest in the study of Cu2O. 

Parameters Values Units 

Density 6.10 gcm-3 

Molar mass 143.092 gmol-1 

Molar volume 23.46 cm3mol-1 

Appearance Reddish-brown  

Solubility (in water) insoluble  

Melting point 1232 °C 

Boiling point 1800 °C 

Band gap 2.17 eV 

R-phrases R22, R50/53  

S-phrases (S2), S22, S60, S61  

Thermal conductivity39 4.5 WK-1m-1 

Specific heat capacity39 70 JK-1mol-1 

Thermal diffusivity39 0.015 cm2s-1 
 

Table 4. General physicochemical properties of Cu2O. Data from Safety Data Sheet of Cu2O. 

Figure 29 is the Poubarix diagram of copper obtained from Medusa®. It maps out possible stable 

(equilibrium) phases of an aqueous electrochemical system. Predominant ion boundaries are 

represented by continuous lines while water stability range is defined by the dotted lines at 0 and 

1.23 V at pH 0. The concentration of Cu2+ considered, was the one present in the deposition bath 

of Cu2O (as will be presented in the Result and Discussion section) used in this work. 
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Figure 29. Poubarix diagram of Cu for Cu2+ 70mM at 25°C from Medusa® software. 

In the absence of any complexing agent the formation of Cu(I) is forbidden because of the 

precipitation of the insoluble Cu(OH)2 at pH > 8. Cu2O is unstable in air at room temperature. 

Nonetheless, the kinetics of the transformation in CuO is so slow at room temperature that Cu2O 

can be considered stable for all applications40.  

1.3.3 Optical Properties 

Cu2O has a direct forbidden band gap as stated before. Figure 30 shows the absorption spectrum 

which evidences how Cu2O starts to absorb the light only above about 2.4 eV. This energy is 

related to the dipole allowed transition between the higher valence band and the second lower 

conduction band41. 

 

Figure 30. Absorption coefficient of Cu2O at room temperature obtained combining data from references 42,43. 
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1.3.4 Preparation Methods: 

Different preparation methods can be used to obtain an effective Cu2O for photo-application. 

Here the main ones will be briefly discussed. 

1.3.4.1 Thermal Oxidation 

This is the most widely used method for the synthesis of several high-quality oxides. The 

procedure usually involves the oxidation of a high purity copper foil for few minutes or several 

hours depending on the desired thickness of the Cu2O layer required. The operative 

temperatures are in the range between 1000-1500°C under pure oxygen atmosphere or in a 

mixed gas atmosphere (like Ar + O2)44. The result is a polycrystalline Cu2O with different grains 

structures according to the used experimental conditions. Two possible reactions can occur 

during the thermal process: 

4Cu+O2Ӈќ 2Cu2O  

2Cu2O+O2 Ӈќ 4CuO  

In was noticed by different authors that because the possible formation of a mixture of two major 

oxides products, such as, CuO and Cu2O, the percentage of oxygen present during the annealing 

must be strictly controlled. It has been reported that the formation of Cu2O occurs first and only 

after longer oxidation time CuO appears45. 

An alternative method transforms a Cu foil in Cu(OH)2 by the use of 0.125 M (NH4)2S2O8 and then 

by thermal reduction obtain nanocorals of Cu2O46 or nanosized Cu2O if an oxidation is performed 

in KOH and then a dehydration step is performed47. 

1.3.4.2 Electrodeposition 

Electrodeposition is an extremely attractive method because of its low cost, the simplicity for the 

deposition on different substrates and the possibility of tuning the material properties and 

morphology with parameters like: the applied potential, the current, the temperature, and the 

pH of the bath.48 The first electrochemical synthesis of Cu2O was developed by Stareck49 in the 

mid-thirties. Later many other authors present different synthetic procedures involving different 

copper precursors electrolytes and electrochemical techniques50ς52.  

For example, Mao et al. used a solution of 0.01 M Cu(NO3)2 + 0.1 M NH4NO3 with a current density 

of 0.5 mAcmҍ2 for 60 min at 313 K. The so-obtained photocurrent by the way are very low. 53. 

Wan et al. started from 0.02M Cu(Ac)2 and 0.1M sodium acetate aqueous solution with 1.5mM 

KCl, being able to control the shape of the grains with pH modulation, but the conductivity of the 

so obtained material was n-type. Zhao et al. electrochemically oxidized a Cu foil in a solution of 

280 gL-1 NaCl and 0.1 gL-1 Na2Cr2O7, with pH adjusted to value 12 by 1.0 M NaOH54. 

To the best of our knowledge, the best results in terms of photocurrent were achieved by using 

a CuSO4 solution with lactic acid and the pH shifted to basic value (usually 12)55. The original 

recipe derived from Golden et al.56 and was successively developed by the Graetzel group.57ς59 

Not all the authors using this solution obtained the same high photocurrents. For example Nian 

et al. 60 obtain a maximum photocurrent of -0.025mAcm-2 on FTO.  
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Despite this, usually the performances of PEC_WS systems fabricated with this method are 

nowadays one of the most efficient and with higher photocurrents. This method allows also to 

have high uniformity of the layer and the possibility of controlling the morphology and the size 

of the particles together with their properties61,62 by simply varying some bath conditions like 

potential, temperature and pH.  

In view of the electrochemical synthesis, we can consider also all the preparation methods 

consisting in the controlled oxidation of a copper foil in different solutions63,64. This method was 

tested but due to the poor performance was discarded and not reported in the thesis.  

1.3.4.3 Other Synthetic Procedures 

Other synthetic procedures includes reduction of copper-amine complex solution with glucose 

under microwaves irradiation65, the use of different surfactants 66ς71 and micelles72 mostly to 

control the morphology of the particles. By these methods Cu2O nanocrystals and nanowires73 

with cubic74ς76, cuboctahedral, truncated octahedral, octahedral77, and multipod structures78 

have been prepared79. To avoid interference from these surfactants some authors developed also 

surfactant free synthesis80ς82. Sol-gel 83and solvothermal methods84,85 are also used. Wet 

chemical routes86,87, thermal evaporation88,89, chemical vapour deposition90,sonochemical 

synthesis91,  hydrothermal92ς94 and electroless95 methods are only few of the other alternatives 

methods for the synthesis of this semiconductor. Sputtering is an interesting technique for the 

preparation of thin films with high homogeneity, low cost and easy synthesis96. 

1.3.5 Cu2O Advantages for PEC-WS System 

The choice of using electrodeposited Cu2O is due to the following reasons: 

¶ Cu2O presents a 2.17 eV band gap. This value is high enough to have the proper energy 

for HER but still allows the material to absorb in visible range of light. This is a great 

advantage if compared to material like TiO2 able to absorb only in the UV due to their 

large BG (~3 eV). 

¶ Cu2O presents a proper bands position for both hydrogen evolution reaction (HER) and 

oxygen evolution reaction (OER). In this work the material was studied as a photocathode 

(Cu2O CB lies at -0.46V vs NHE). 

¶ Cu2O is an abundant and economic material. 

¶ Cu2O is non-toxic. This is an advantage if compared to other semiconductors for PEC-WS 

containing As, Cd and other toxic metals. 

¶ The use of electrodeposition allows to have a large control over synthetic procedures with 

the selection of the best parameters to obtain high-performance electrodes. 

¶ Electrodeposition is a cheap and easy method for the preparation of a large number of 

electrodes. In addition, there are high possibilities of scaling up the technology. 

Looking in detail at the band position of Cu2O, in the next figure we can notice that is one of the 

few materials with a small band gap but still able to perform both HER and OER (CB more negative 

than H2/H2O redox potential and VB more positive than O2/H2O redox potential).  
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The same figure shows the main disadvantage of this material. Indeed, the redox potentials for 

material reduction/oxidation lie inside the band gap.  

This means that Cu2O can undergoes to the previously explained photodegradation process. In 

particular, for this material both holes and electrons can interact with the material leading to its 

oxidation or reduction respectively.  

 

Figure 31. Comparison of band gap, bands energies and redox potentials for different semiconductors for PEC-WS.  
From Chen, S.; Wang, L-W Chem. Mater. 24 (2012) 365932. 

Two different approaches can be chosen to improve material performances: doping and 

protecting with an overlayer. 

The former consists in the addition of impurities in the material lattice to modify band gap and 

bands position.  This will allow to further increase the fraction of light that can be absorbed by 

the semiconductor together with carriers number and mobility. 

The latter will allow to quickly take electrons from the Cu2O thanks to the redox cascade principle 

so that they cannot react with the material itself. In this way, the life-time of the material can be 

improved. These two approaches will be better explained in the relevant chapters. 

To have a full-knowledge of the phenomena occurring on Cu2O is of paramount importance for 

the development of a high-performance, low-cost and with long life-time photocathodes. 

Stability is the main problem of the material and in order to characterize the degradation 

processes occurring under light different innovative techniques were used in this work. The next 

two chapters will introduce the reader in the details of the techniques to give a better 

compression of the further results.  
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1.4 XAS 
X-rays Absorption Spectroscopy (XAS) refers to the absorption of X-rays by an atom at energies 

near and above its core-level binding energies. 

XAS spectra particularly useful for the evaluation of:  

¶ The oxidation states. 

¶ The chemical surroundings: coordination number, bond distance and nature of neighbour 

atoms. 

For all these advantages, XAS is a powerful tool to obtain information about chemical state and 

local atomic structure for the atomic species of interest. Nowadays XAS is applied to several 

chemical systems and in different experimental conditions (extreme temperature and pressure, 

light, solutions, NPs, etc..). For this reason, it is become an extremely powerful technique in 

different scientific fields, including biology, environmental science, catalysts research, and 

material science. 

Additional advantages of XAS are: 

¶ It can be used for every element. 

¶ Crystallinity is not required for XAS measurements. Is one of the few structural probes 

available for non-crystalline and highly disordered materials, including solutions.  

¶ Because X-rays energy are highly penetrating, it gives information on the whole material 

and not simply of the surface. If the interest is in surface phenomena, the use of 

nanostructures will help giving a material with a high surface/volume ratio. 

¶ In many cases, XAS measurements can be made on elements of minority and even trace 

abundance, giving a unique and direct measurement of chemical and physical state of 

dilute species in several systems (e.g. dopants). 

¶ XAS allows ex-situ, in-situ, and operando measurements. The latter is particularly useful 

to follow electrochemical reactions within or without the presence of light. 

¶ It is element sensitive. Since every atom has core-level electrons with well-defined 

binding energies, we can select the element to analyse by tuning the X-ray energy at an 

appropriate absorption edge.  

1.4.1 XAS Spectroscopy  

A XAS spectrum reports the absorption coefficient as a function of incident X-rays energy close 

to absorption edge (from -20eV up to 1000 eV after the edge). In the full spectrum two main 

regions can be identified97: 

ω The XANES (X-ray Absorption Near Edge Structure) region; is the energy region closer to 

the edge. 

ω The EXAFS (Extended X-ray Absorption Fine Structure) region, at higher energies 

Both regions give several information on the studied material. XANES gives information about 
the oxidation state of the selected element and coordination geometry (e.g., octahedral, 
tetrahedral coordination) of the absorbing atom.  
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Moreover, being a probe for empty orbitals, it provides additional information about those 
orbitals lying over the Fermi energy level. EXAFS is useful to evaluate the neighbour atoms respect 
to the absorption centre. It gives information about interatomic distances and coordination 
number of neighbour atoms. 

1.4.2 The Synchrotron Light 

X-rays are the portion of electromagnetic radiation with a wavelength between 25 and 0.025 Å. 

X-rays can be produced in the laboratory scale using a Coolidge tube whose characteristic 

spectrum is reported in Figure 33A. The so generated X-rays are continuous in their emission with 

a quite low intensity and with some characteristic emission lines due to the material forming the 

anticathode. To have a continuous radiation but with high intensity a synchrotron facility is 

needed. In a synchrotron, electrons are generated by thermionic effect from a W wire and then 

linearly accelerated until the booster ring. Here they are accelerated (in the so-called LINAC) with 

radiofrequency generator until a critical speed is reached (close to light speed) where an 

electromagnetic radiation is emitted in the range of X-rays.   

 

Figure 32. ESRF schematic view. Is possible to notice the linear accelerator (LINAC) the booster synchrotron and all 
the beamline tangent to the main storage ring. Image from esrf.eu 

Then electrons enter in the main ring called storage ring. The storage ring is composed by linear 

sections and curved sections where the electron trajectory is bended thanks to bending magnets. 

The magnetic field, create a centripetal acceleration that force the electrons (a charged particle) 

to emit electromagnetic radiations tangentially to the ring. If this energy is higher than 1GeV then 

the electron emits X-rays with the emission spectrum showed in Figure 33B. The synchrotron 

intensity is very high, usually 10 orders of magnitude higher respect to the one of the Coolidge 

tube. In addition, the use of specific magnets (undulator) who force the sinusoid motion of the 

electrons, force the constructive interactions of emitted radiations leading to even higher 

intensities.  

The maximum radiation energy, called cut-off, is strongly related to the length of the ring. Usually 

this intensity is reported as brilliance that is defined as follow: 

ὄ
Ὅ

‰Ͻὃ
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Where I is the intensity of the produced radiation, ʊ is the angular aperture and A is the surface. 

 

Figure 33. Emission spectrum of a Coolidge tube (left) with the characteristic peaks and one of a synchrotron radiation 
source. Image from ISA centre for storage ring facilities, Aarhus University. 

X-rays absorption and the relaxation phenomena 

X-rays are extremely energetic, so when interact with matter they are absorbed by core 

electrons.  

 

Figure 34. Scheme of the photoelectric effect, in which an X-ray is absorbed, and a core level electron is promoted 
out of the atom. Image from Fundamentals of XAS, Matthew Newville, Consortium for Advanced Radiation Sources 
University of Chicago, Chicago, IL. 

This causes a depletion of the incident beam I0 and the transmitted radiation intensity is given by 

the Lambert-Beer equation: 

Ὅ  ὍϽὩ Ͻ 

where ˃  is the linear absorption coefficient, a measure of the absorption phenomena probability, 

and x is the thickness of the sample.  
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The absorption coefficient slowly decreases with the increase of energy while is strongly related 

to the atomic number of the specie of interest according to the relation98:  

‘ ͯ
”Ͻὤ

ὃϽὉ
 

where ́  is the sample density, Z is the atomic number, A is the atomic mass and E is the energy. 

Due to the Z4 dependence, it is quite easy to distinguish between different elements and the 

absorption levels for each element are far from each other allowing the technique to be element 

sensitive. 

A XAS spectrum presents on the y-axes the absorption coefficient while the energy of incident 

radiation in on the x-axes. The shape of a typical XAS spectrum is reported in figure: 

 

Figure 35. XAS spectrum showing the 2 different regions of XANES (close to the edge in blue) and EXAFS, the portion 
of spectrum at high energy (in red). Spectra of alpha FeOOH on Ti. 

Before the edge, the absorption coefficient is zero, once this value is crossed instead the 

absorption coefficient rapidly increases giving the absorption edge. Indeed, after the edge point 

the energy of X-rays is enough to have photoionization, the excitation of an electron from core 

levels to continuum (Figure 35). 

There are different edges according to the energy level originally occupied by the electron. 

According to Sommerfeld, if the electron comes from 1s level (n=1) we call it K-edge. If the 

quantum number is 2 then it comes from L-edges.  
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Three states are possible in this case: L1 if the electron comes from 2s orbital, L2 or L3 if it comes 

from 2p orbitals according to the spin-orbital coupling (J = 1/2 e J = 3/2 respectively). The same 

explanation can be done for M-edges, but they have very small importance in XAS spectroscopy 

and will be no treated. 

 

Figure 36. Scheme of electronic transition according to Sommerfeld. Image from Wikipedia. 

The electron promoted in the continuum level leaves a hole behind in the starting orbital. 

The original state can be restored with two different relaxation processes, each in competition 

with the other: Auger effect and fluorescence. 

ω Auger effect: is the preferential effect in lighter atoms and involves 2 electrons. The first 

one relaxes and fills the hole left in the starting level, while the second one is emitted because of 

the energy surplus. 

ω Fluorescence: is more common in heavier elements and consist in the emission of 

radiations once the hole is filled by an electron coming from external (shell) levels. 
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In both cases, the probability of emission (X-ray or electron) is directly proportional to the 

absorption probability. 

 

Figure 37. Decay of the excited state: X-ray fluorescence (left) and the Auger effect (right). Image from Fundamentals 
of XAS, Matthew Newville, Consortium for Advanced Radiation Sources University of Chicago, Chicago, IL. 

A XAS spectrum can be measured both in transmittance and in fluorescence99. In the former case, 

the reduction of the beam intensity due to the sample is measured. The absorption coefficient is 

obtained from the Lambert-Beer equation: 

‘ ὰὲ
Ὅ

Ὅ
 

If the amount of sample is very small the differences between incident beam and transmitted 

beam are very small and fluorescence mode is to be preferred. In this setup, the electrons 

detector is normal to the incident radiation in order to acquire only the emitted beam from the 

sample. In fluorescence mode, the absorption coefficient is given by:  

‘ θ  
Ὅ

Ὅ
 

Where If is the fluorescence intensity and Io is the incident beam. In the fluorescence mode, traces 

of the element under study can be collected. 

1.4.3 XANES Spectra 

The XANES region is the part of the spectrum closer to the edge energy, usually in the window 

between -20eV and +50 eV respect to the edge. From XANES measurements is possible to obtain 

information about oxidation states. As example, Figure 38 reports the comparison between the 

XANES spectra of 3 different copper species, metallic copper (in blue), Cu2O (in green) and CuO 

(in red). Is possible to notice how higher is the oxidation number, more is the shift to higher 

energies. The explanation for this phenomenon is that decreasing the number of electrons 

(increasing the nuclear charge), the electronic cloud is more compressed because of the higher 

coulombic interaction between nucleus and electrons.  
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Therefore, the energy for photoionization increases with a shift of the edge to higher energy 

together with the oxidation state. 

 

Figure 38. Comparison between XANES standard spectra (acquired at copper K-edge) of metallic copper (blue line), 
Cu2O (green line) and CuO (red line). Data acquired at GILDA beamline, ESRF, France. 

Before the edge, the X-ray radiation have not enough energy for photoelectric effect. 

Because in the XANES region the energy supplied to the electron is barely enough for 

photoionization, the kinetic energy of the electron is very low. This leads to a very complicate 

sequence of interactions with neighbour atoms and is very difficult to mathematical describe this 

region of the spectrum.  

Usually the XANES region is analysed on the base of its άfingerprintingέ properties. Indeed, 

considering a single element, the shape of the spectrum can have huge variation according to the 

oxidation state, the chemical surrounding, and the coordination geometry. Moreover, not only 

edge energy variation occurs but the shape is also strongly dependant on ligands position and 

their nature. Looking at the K-edge spectra of Cr(VI) with tetrahedral environment (blue) and the 

one of Cu(III) with octahedral one is possible to notice dramatic differences in the shape due both 

to the change in oxidation state and the different geometry. 

 

Figure 39. Comparison between the XANES spectra of Cr(VI) and Cr(III) respectively blue and red lines, recorded at 
the Cr K-edge. The differences are related both to the oxidation state and to the coordination geometry, octahedral 
for Cr(III) and tetrahedral for Cr(VI).  
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1.4.4 EXAFS Spectra 

EXAFS is relevant to energies that leads to the photoemission of electrons.  

When an atom is surrounded by other atoms, these behave like back scattering centres. 

According to the wave-particle dualism, the photoelectron and the retro-diffused one can be 

considered as waves. These waves can lead to constructive or disruptive interference 

phenomena. The results are the absorption coefficient oscillations recorded in the EXAFS spectra. 

Then from the variation of the absorption coefficient is subtracted the value of the isolated atoms 

and the obtained value is divided by tƘŜ ƴǳƳōŜǊ ƻŦ ǇƘƻǘƻŀōǎƻǊōŜǊΦ ¢ƘŜ ƻōǘŀƛƴŜŘ ŦǳƴŎǘƛƻƴ ˔ό9ύΣ 

is strictly related to the chemical surrounding and is referred to a single absorber. 

 

…Ὁ  
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The EXAFS signal is represented by ˔ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǘƘŜ ǿŀǾŜ ǾŜŎǘƻǊ ƪΣ ǘƘŀǘ is related to the 

energy by the equation:  

Ὧ   
ςάὉ Ὁ

ü
 

 

The probability of retro-diffusion is related to the nature of the closer atoms surrounding the 

photoabsorber, to their number and to the energy of the incident photon.  

1.4.5 FEXRAV 

FEXRAV (Fixed Energy X-ray Absorption Voltammetry) is a recently invented technique highly 

useful for the evaluation of electrochemical systems because allows to follow simultaneously the 

variation of the absorption coefficient and the electrochemical signal (current or potential) during 

the course of a conventional electrochemical experiment100ς102.  FEXRAV is therefore an operando 

technique and consists in the evaluation of the absorption coefficient at a fixed energy value 

while the potential applied on the electrode (or a photoelectrode) is varied. The energy chosen 

for this technique is the one at which the difference in absorption coefficient between the 

oxidation states likely involved in the reaction is the highest.  

In Figure 40, the electrode is composed by Cu2O (red line). If we want to follow the reduction to 

metallic copper (blue line) the selected energy must be the one in which the difference between 

their absorption coefficient is the highest in their standard spectra. As reported by the black line, 

the chosen energy is 8979 eV where the Cu(0) coefficient is higher than the one of Cu2O. 

Therefore, during the FEXRAV (Figure 40 on the right) an increase in the value of the absorption 

coefficient is related to a reduction of the material to metallic copper. From FEXRAV, knowing 

the amount of material on the electrode, is also possible to have an estimation of the 

transformed material to be compared with the variation in charge recorded by electrochemistry.  
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Figure 40. On the left, comparison between XANES standard spectra of metallic copper (blue line) and Cu2O (red line) 
with energy at which the variation of the absorption coefficient is higher (black line). On the right, an example of 
FEXRAV performed during 2 cycles (first in dark and second in light) of cyclic voltammetry on a Cu2O electrode. An 
increase in the absorption coefficient intensity is related to the formation of metallic copper. 

Therefore, the FEXRAV and the electrochemical signals are complementary and synergistic in the 

study of electrochemical (and photoelectrochemical) phenomena, particularly when two or more 

phenomena occur in parallel and need to be decoupled. For example, once a strong gas evolution 

reaction occurs (HER or OER), the current recorded in a CV is quite high and able to cover any 

process occurring at the material itself (e.g. an oxidation state change).  

Thanks to FEXRAV, we can define the active oxidation state of an oxygen evolution catalyst like 

IrOx under OER condition or define the contribute of the material photodegradation under HER 

condition for a photocathodic material like Cu2O57. FEXRAV is particularly useful for studying light-

activated system like semiconductors for photoelectrochemical water splitting. The absorption 

coefficient is measured at fixed energy and at fixed potential in dark and in light: the absorption 

coefficient is thus related to the effect of light on the sample. Another advantage of FEXRAV is its 

low acquisition time, making this technique an interesting candidate for obtaining useful 

preliminary information and find the best operative conditions for further experiments. FEXRAV 

is, by definition, a real-time technique. In addition, it is very sensitive, and allows to detect minor 

changes in the absorption coefficients (such as those related to adsorption phenomena (see 

Appendix 2)) otherwise hardly visible from full spectra evaluations. Small effects might in fact 

easily erased in spectra post-analysis, including spectra normalization. 

 

Figure 41. A) Energy selection for FEXRAV and B) FEXRAV of iridium oxide on carbon screen printed electrode until 
oxygen evolution103.  
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1.4.6 Light-dark Difference Spectra 

The difference spectra recorded under light and dark conditions gives us information about fast 

changes in the material under irradiation. In order to have an accurate comparison between 

spectra, experimental errors must be reduced. For this reason, the spectra are acquired with a 

stepping mode. For every value of energy, two values of the µ are recorded, one in dark and one 

in light. Only once the two values are recorded, the monochromator shift to the next energy. This 

workaround allows to avoid shift problems in the energy scale: the two values of µ can be directly 

subtracted. The resulting difference άlight-darkέ spectra give information about light induced 

reversible changes in the material. 

1.4.7 Dispersive XAS 

This particular application of XAS allows time resolved studies of dynamical processes. The 

beamline used during this work was ID24 at ESRF, the synchrotron in Grenoble (FR). Instead of 

selecting a single energy, all the wavelengths go thought a άpolychromatorέ able to split the 

different energy components at different angles. These components are collimated on a focal 

plane that coincides with the sample. The transmitted beam hits a position sensitive detector, 

that records the intensities relevant to small intervals of wavelengths.  

This allows the acquisition of a full spectrum in few milliseconds (instead of minutes or hours) 

and records fast sequences of full spectra in few minutes following any change in the sample with 

the changes of the spectra104. Of course, the energy resolution is lower than in a conventional 

XAS beamline.  

 

Figure 42. Scheme of dispersive XAS setup.  
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1.5 SECM 

1.5.1 Scanning Electrochemical Microscopy (SECM)  

SECM involves the measurement of the current at an ultramicroelectrode (UME, i.e. the so-called 

tip) (an electrode with ŀ ǊŀŘƛǳǎ ƛƴ ǘƘŜ ƻǊŘŜǊ ƻŦ ŀ ŦŜǿ ƴƳ ǘƻ рл ˃Ƴύ ǘƘŀƴ Ŏŀƴ ōŜ ƘŜƭŘ ƻǊ ƳƻǾŜŘ ƛƴ 

о5 ŜƛǘƘŜǊ ƛƴ ŀ ǎƻƭǳǘƛƻƴ ƻǊ ƛƴ ǘƘŜ ǇǊƻȄƛƳƛǘȅ ƻŦ ŀ άǎǳōǎǘǊŀǘŜέ thanks to piezoelectric or stepper 

motors. Substrates can be of different types  of solids(e.g., glass, metal, polymer, biological 

material105) or liquids (e.g., mercury, immiscible oil) that, in particular conditions, perturb the 

electrochemical response of the tip and this perturbation provides information about the nature 

and properties of the substrate106. The substrate is often a second electrode, and therefore SECM 

include typically a bipotentiostat. The development of SECM followed previous works on Ultra 

Microelectrodes (UMEs) in electrochemistry and the application of piezoelectric elements, as in 

scanning tunnelling microscopy (STM)107, for the movement in the nano-micrometre scale. 

1.5.1.1 Uses 

SECM is an extremely powerful tool with a huge variety of applications: Record morphologic 

images, rapidly evaluate the activity of catalysts libraries, evaluate heterogeneous and 

homogeneous reactions kinetics108,109. The small dimension of tips allows the study of biological 

systems by means of cells imaging or the evaluation of enzymatic reactions or nanoparticles bio-

effects screening110. Eventually the study of liquid-liquid interfaces, membranes and thin films 

can be performed, as well as the evaluation of surface reaction rates111,112. In this work, an 

innovative SECM mode for the study of semiconductors powders is described and applied to the 

evaluation of photodegradation processes. 

1.5.1.2 Technique Setup 

The SECM setup includes a 4 electrodes cell. Two working electrodes are present, the tip is usually 

the working 1 while the substrate is the working 2. Obviously, a simpler 3-electrodes 

configuration can be adopted by the use of an insulating plane instead of working 2. The tip and 

the substrate can be biased at the same time using only one counter and one reference electrode, 

thanks to the use of a bipotentiostatic circuit.  

The core of the system is the piezoelectric/stepper motor able to change the relative position of 

the two working electrodes in the three dimensions (x, y and z) and also to move it with the 

desired scan rate. In this work, only the stepper motor is used. 
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Figure 43. Illustration of the SECM instrumentation. Image from Bard, A.J.; Mirkin, M.V. Scanning Electrochemical 
Microscopy, (2001) Marcel Dekker107. 

1.5.1.3 The Feedback Mode 

One of the most commonly used way to operate with SECM is the feedback mode. The only 

requirement is the presence of an appropriate redox active specie in a solution of the supporting 

electrolyte. The role of the latter is to reduce the solution resistance and ensure that the 

transport of the redox specie to the tip occurs only by diffusion.  

If the tip is kept at a potential at which the redox active specie (O) is reduced to R according to 

the reaction: 

ὕ ὲὩ
 
ᴼὙ 

When the tip is far away from the substrate (in the bulk solution) the current flowing is related 

only to the hemispherical diffusion of the specie from the bulk to the electrode (Figure 44A). In 

this region, the steady state current (itip
қ) is reached according to the equation:  

Ὥ τὲὊὈὅὥ 

When the tip is approached towards a substrate, down to a distance comparable to the radius of 

the tip, a higher or lower feedback current is measured depending on the nature of the used 

substrate. In the presence of a conductive substrate (with the proper E0), the tip-produced R 

specie is oxidized again to O on the substrate. The O species produced at the substrate can then 

diffuse to the tip increasing the total amount of O reaching the tip (O from the bulk + re-oxidized 

O from the substrate). In this case an increase of tip current is recorded (itip > itipқ) and this is 

called positive feedback (Figure 44B)113. 

On the contrary, if the substrate is an insulating material or has not enough potential to re-oxidize 

R, it hinders the flux of O to the tip. The depleted amount of O species reaching the tip lead to a 

reduced tip current in the proximity of the substrate (itip< itipқ). This is called negative feedback 

(Figure 44C). 
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Figure 44. The 3 different conditions of feedback mode: A) the tip is far from the substrate and the diffusion allows it 
to achieve the steady state; B) Positive feedback. The specie is regenerated at the substrate; C) Negative feedback. 
The specie in the bulk is prevented from reaching the tip by the insulating surface. Image adapted from P. Bertoncello, 
Energy Environ. Sci., 2010,3, 1620-1633113  

During a SECM experiment it is extremely important to know the relative distance between tip 

and substrate. This distance is indeed related with the performance of SECM in working as a good 

probe for the species of interest114.  

Negative feedback and positive feedback can be used to obtain this information. In a negative 

feedback approach, the shorter the tip-substrate distance the lower the itip/i tip
қ current. In 

principle, when the tip touches the substrate, I tip=0 In the same way, with a conductive 

substrate, the contact between the two electrodes can be evaluated with the increase of the 

current as the tip approaches the substrate. 

 

Figure 45. Two examples of negative (on the left) and positive (on the right) feedback. As the tip approach to the 
substrate surface the tip current decrease and increase respectively. Image from Darren A. Walsh, Chem. Soc. Rev., 
2010,39, 4185-4194114 

iT / iTқ and L = d / a, are used to make the approach curves independent on the concentration 

and on the diffusion coefficient of the species R and on the electrode radius. 
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1.5.1.4 Working Mode 

Due to the extremely sensitivity of the feedback mode to the intrinsic activity of a material it can 

be used only if the concentration of the reagent produced by the tip is low enough to maintain 

the reaction under diffusive control (e.g. in this work the couple O2/H2O naturally present in 

water is used to evaluate the tip distance from the substrate). Furthermore, this method is strictly 

dependent on the distance between tip and substrate.  

These two conditions are quite often non-fulfilled and so Generation-Collection (GC) mode have 

to be applied. Two main GC modes can be used with SECM depending on the aim of the research 

and material properties, TG/SC (tip generation/substrate collection) and SG/TC (substrate 

generation/tip collection). 

In SG/TC the substrate is biased at the potential required for the reaction of interest, while the 

tip work as a probe for the substrate-produced specie while being under diffusive control. In this 

mode, the tip current is obviously proportional to the amount of the specie produced at the 

substrate according to the previously introduced equation: 

Ὥ τὲὊὈὅὥ 

In this way, the tip can be a probe for the substrate activity towards the reaction. Indeed, higher 

is the activity, higher is the production rate and higher is the current recorded at the tip. Even if 

the current changes with time if the substrate is small enough the steady state condition can be 

easily reached. This mode is useful to evaluate areas of different activity on the substrate like the 

study of large arrays of different electrocatalysts.  

In the TG/SC, the tip is biased to a potential suitable to generate a reagent while substrate is 

biased at the proper potential to consumes it. Is then possible to measure the substrate current, 

which is strictly related to the activity of the tip. Indeed, higher is the activity of the tip, higher is 

the amount of specie produced and eventually higher the substrate consumption current. The 

advantage of this mode is that if, as usually occurs, the substrate area is much larger than the tip 

one, the collection efficiency, given by the ration isubstrate/i tip can be consider equal to 1. The 

collection efficiency parameter value decreases if in the space between the tip and the substrate, 

the tip-produced specie reacts or decompose. Moreover, the distance between the two 

electrode is also important to avoid the specie produced at the tip to be lost in the bulk before 

reacting with the substrate115. 
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Figure 46. Generation collection mode. Left: Substrate generation/tip collection mode. Right: Tip 
generation/substrate collection mode. Image from AzoNano, Combining Atomic Force Microscopy with Scanning 
Electrochemical Microscopy, 2016 

1.5.1.5 Imaging 

Another very important feature in SECM is the possibility of recording images, representation of 

the dependence of tip (or substrate) current as a function of the tip x-y position. Two parameters 

affect the current, substrate geometry and electrochemical properties.  

Surface topography affects the tip current because of the changes in distance between the two 

electrodes. If the distance changes (in the range of tip dimensions), as explained for the feedback 

mode, the current is modified. A colour map of the surface can be obtained with useful 

information on topography. On the other hand, imaging can be used to evaluate difference in 

composition on the substrate. If the surface is not homogeneous with insulating (or less active) 

and conductive region, the tip current changes in relation with the amount of species produced 

by the different regions of the substrate. Is not easy to obtain clean result due to the diffusion of 

the produced species over the active spot of the substrate but if some expedients (shielded tips) 

are taken in account then the image can be a clear representation of the electrochemical 

properties of the different regions of the substrate116ς118. 

 

Figure 47. Examples of imaging. SECM images of an array of IrO2 particles for oxygen evolution119. 
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1.5.2 Ultramicro Electrode (UME)  

An ultramicroelectrode (UME) is an electrode whose radius ranges between few nm to 50 ˃ ƳΦ In 

the case of disk UMEs to be used as SECM tips, the bottom end of the electrode has to be thin to 

allow the tip-substrate distance to be as small as possible. A key parameter to take in account is 

thus the so-called RG, defined as rg/a where rg is the radius of the tip considering both the 

insulating glass covering the metal wire and the metal wire itself (i.e. the entire tip radius), while 

άaέ is the metallic disc radius.  

 

Figure 48. Schematic representation of a UME disc electrode with characteristic parameters: a = radius of the 
electroactive area; rg = a + radius of the insulating shell. 

RG largely affects the collection efficiency and the performance of the microelectrode. If RG is 

high, the collection efficiency (when the tip is used as a probe) is higher, but it makes more 

difficult to reach short tip-substrate distances (the tip surface and the substrate are hardly 

perfectly parallel). For this reason, the RG value is often between 2 and 10. The desired value is 

obtained by manually sharpening the sealing glass on emery paper. 

The small size of the tip allows to record currents in the range of nanoampere (or even smaller) 

largely reducing the relevant ohmic drops. Moreover, the cylindrical diffusion profile of the UME 

allows the system to reach a steady state condition in a very short time (in the order of 

milliseconds).  

1.5.2.1 Cavity Microelectrodes (C-ME) 

A cavity microelectrode (C-ME) is an innovative tool for the study of finely dispersed electrode 

materials120,121. C-ME are obtained from UME and consists in a cylindrical cavity, with micrometric 

dimensions, having a metal base and glass walls. The use of nanometre-sized tips was also  

recently introduced 122. The powders under investigations can be entrapped inside the cavity and 

tested, using the metal base as the current collector.  
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Different advantages come from the use of a cavity microelectrodes respect to the use of a more 

classical powder support123,124:  

¶ Minimized ohmic drop effects thanks to the micrometric size and therefore to the low 

associated current intensities. 

¶ Very low amount of material needed, in the order of nanograms. 

¶ No-gluing agents are needed, avoiding their interference in the electrochemical response; 

¶ Extremely reduced contributions from the current collector (the microdisk at the bottom 

of the cavity, see Result and Discussion for C-ME preparation procedure) because its 

surface area is negligible in comparison to the powder one. This is of huge importance 

because once small amount of material is used, the influence of the support is usually 

very intense. 

¶ Easy to load and clean with almost any powder electrode material. 

¶ High reproducibility of the loading. 

¶ Since the diameter and the depth of the cavity are known, it is possible to evaluate the 

amount of powder used, thus obtaining analysis that could be considered quantitative125. 

 

For what regards the last advantage, it should be taken in account that, because of possible 

irregularities in the cavity bottom, an inaccurate quantification of the amount of powder under 

study can make the quantitative analysis sometimes difficult. To avoid this, the preparation of 

the C-ME should be carefully carried out. 

The use of a cavity microelectrode as working tip for SECM adds an additional advantage. In this 

case, a C-ME outer glass has to be sharpened as the one of a conventional tip. The preparation 

of an SECM tip is a long and complex procedure that cannot be performed with all the materials. 

In addition, only a few materials are available as wires of micrometre section to be used for 

preparing SECM tips. Cavity micro electrode compensate this lack, allowing to obtain tips made 

of any desired material. In addition, once the powder is obtained, is indeed extremely easy to fill 

the cavity with it and use it as a normal tip for SECM126. In this work C-MEs were used for the 

evaluation of different metal oxides semiconductor powders for which the preparation of a 

microelectrode would be impossible127. 
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1.6 Heterojunction 

1.6.1 Types of Heterojunction 

To date, charge separation strategies have primarily centred on the use of 

semiconductor/electrolyte interfaces under the application of an external potential. When a 

semiconductor electrode is immersed in an electrolyte solution, electrons transfer takes place 

between the semiconductor and the electrolyte solution which results in equilibration of the 

Fermi level (EF) to that of the redox potential of the electrolyte and thus is the basis of the 

semiconductorςliquid junction (SCLJ)128. Electrons transfer processes at the interface of the 

semiconductor/electrolyte causes band-bending and the bands positions are pinned. This bands 

bending is more pronounced for interfaces in close, intimate contact but less when the space 

charge layer width is greater than the particles size, in the case of nanoparticles. 

Semiconductorςliquid interfaces are the most commonly employed type of junction for charge 

separation in water splitting and nanostructuring of the SCLJ has proven to be an effective 

approach to shorten the diffusion length of charge carriers129. Electrons transfer can occur 

between the semiconductor and electrolyte when the Fermi level of the semiconductor is in the 

appropriate position (more positive/ negative) than the potential of the electrolyte to then either 

accept/donate electrons. The space-charge layer contributes to the formation of an electric field; 

in n-type materials (photoanodes), photoexcited holes accumulate on the surface of the 

semiconductor are consumed in oxidation reactions, while electrons are transferred to a counter 

electrode via the back contact and an external circuit, where they are used in reduction reactions, 

such as proton reduction to H2130. One of the main disadvantages in the use of this type of 

semiconducting system is the fast charge carriers recombination and photodegradation. Both the 

processes are related to light-excited electrons and holes that do not follow the desired path of 

water reduction and oxidation respectively. These junctions allow for efficient separation of 

electrons from holes, mimicking the pathway in natural photosynthesis. This is a key way to 

improved solar energy harvesting and high solar-to-hydrogen conversion efficiency. 

 

Figure 49. Bands alignment in Type I, II and III heterojunctions. Image from Visible-Light Driven Heterojunction 
Photocatalysts for Water Splitting ς A Critical Review, Jungwang Tang et al. Energy Environ. Sci., 8, 731131. 
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There are three main types of heterojunction architectures presented by Tang et al.131  (Figure 

49) where A corresponds to one semiconductor/component, and B corresponds to another 

semiconductor/component (if they are semiconductors, they can be either n-type or p-type). A 

Type I heterojunction is composed by (two) semiconductors where the CB of component B is 

higher than that of A and the VB of B is lower than that of A, so that both the bands of A lies 

inside the band gap of B. With this configuration holes and electrons will transfer and accumulate 

on component A because of the bands energy position. In Type II junction the CB of A is at 

energies less negative than the one of B, allowing the electrons to flow from B to A. Holes can 

travel in the opposite direction from the more positive VB of A to B, leading to all-round efficient 

charges separation and enhanced photocatalytic activity. The third type, is identical to Type II but 

the energy difference between the CBs and VB of the two materials is much higher giving higher 

driving force for charges transfer132. 

In the view of the creation of a protective overlayer for a photocathode, type II and III seems the 

most interesting allowing a good charges separation and a fast electrons flow to the more 

external semiconductor, the one in close contact with the electrolyte solution. Once selected the 

type of heterojunction is possible to select the different materials composing the system. 

There are 3 main categories of heterojunction depending on the nature of the protective layer: 

¶ Semiconductor-semiconductor (S-S) heterojunction: is the most employed architecture 

and usually composed by a p-type and a n-type semiconductor in close contact. Because 

of the contact, the formation of a space-charge region at the interface and an electric field 

occur due to the diffusion of charge carriers. This leads electrons to flow from the CB of 

the p-type material to the CB of the n-type (Figure 50a) and holes to flow from the VB of 

the n-type to the VB of the p-type material. In this way, a more efficient separation of 

charges with a longer charge carriers life-time and higher reaction rates are achieved. One 

example also tried in this work use CuS as external protective layer133. 

¶ Semiconductor-metal (S-M) heterojunction: when the two materials are in contact a 

Schottky barrier is formed (Figure 50b) due to the flow of electrons from the material with 

the higher Fermi level to the other one because of Fermi level alignment (e.g. Pt/TiO2). In 

these systems, the metal acts like an electrons collector from the semiconductor. In this 

way, excited electrons are separated from the holes, reducing recombination because 

electrons cannot flow in the opposite direction134.  

¶ Semiconductor-carbon (S-C) heterojunction: different types of carbon are used like 

carbon nanotubes (CNTs), graphene135,136 etc. They are used because of their high metal-

like conductivity, high electrons mobility and high surface area. The basic principle is the 

same of S-M heterojunction allowing an easy flow of electrons from the excited 

semiconductor137.  
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Figure 50. Bands bending in (a) S-S and (b) S-M (or S-C) junction. In both cases photo-generated charges are driven 
in opposite directions due to favourable differences in bands energies and the formation of an electric field. Images 
from A. J. Cowan and J. R. Durrant, Chem. Soc. Rev., 2013, 42,2281ς2293 and from H. Wang, L. Zhang, Z. Chen, J. Hu, 
S. Li, Z. Wang, J. Liu and X. Wang, Chem. Soc. Rev., 2014, 43, 5234ς5244137,138. 

As stated before, an ideal semiconductor first of all should present a band gap wide enough to 

perform the hydrogen evolution reaction but also as narrow as possible in order to have an 

optimal absorption of the solar light139.  

These band gap requirements rule out the use of most known oxides semiconductors (SrTiO3 and 

TiO2, for example) while interesting candidates become the oxides ƻŦ DǊƻǳǇ L±Σ LLLҍ±Σ LLҍ±LΣ ŀƴŘ 

chalcopyrite semiconductors. However, these materials usually are unstable in working 

conditions and undergoes either to dissolution or to the development of an insulating oxide 

coating. Two different paths can be used to overcome this problem: I) develop methods for the 

protection of those otherwise unstable semiconductors and II) discover new, low-cost and 

efficient semiconductors that are inherently stable under water splitting conditions and with 

band gaps in the desired range of energy and with the proper bands position. Our choice was to 

protect the Cu2O from photodegradation. 

The use of protective thin films to improve the electrochemical stability under HER (or OER) 

conditions for photocathodic materials (or photoanodic) is indeed one of the best options 

available to improve their life-time. Several examples are present in literature of Cu2O-TiO2
140ς144 

or Cu2O-WO3
145

  junction for photovoltaic devices. 

Corrosion of semiconductors is quite complicate due to the availability of electrons or holes at 

the surface that can participate in electrochemical processes under illumination. Different 

parameters like external potential, surface/bulk electronic properties, and the solution 

composition and pH can affect the rate of these processes.  
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Three different routes of degradation are available for semiconductor materials: 

photoelectrochemical, electrochemical, and chemical. The former two corrosions both require a 

charge transfer between the photoelectrode and the electrolyte; however, photoelectrochemical 

reactions involve photoexcited minority carriers (excited under light conditions), whereas 

electrochemical reactions involve majority carriers. As seen before photoelectrochemical 

degradation occurs when the redox potential of the material lies inside the band gap allowing 

the excited electrons or holes to perform the material reduction (from CB high-energy electrons) 

or oxidation (from VB high-energy holes). Chemical corrosion instead occurs without the charge 

transfer across the solid-electrolyte interface.   

Surface functionalization with covalently bonded organic moieties has been tested for 

stabilization and manipulation of the interfacial energetics and kinetics of semiconductor 

electrodes in aqueous electrolytes to enhance the stability of semiconductor electrodes146. One 

of the most studied systems in this regard is the methyl-terminated Si(111) surface because 

nearly 100% of Si surface sites can be functionalized with a methyl group147. This type of 

functionalization is better for photocathodes than for photoanodes because of the lack of a 

reductive degradation mechanism due to oxidation of the organic moieties. Anyway, the use of 

organic compound is always limited by their poor stability in time that lead to some types of 

degradation. In our opinion, the use of inorganic materials will allow to achieve longer life-time.  

The selected protective film should then148,149: 

¶ Be electrically conductive in order to improve charge transfer processes. The addition of 

a further layer on the electrode should do not reduce the electrochemical performances. 

Moreover, the presence of a fast charge carrier system will allow to quickly separate 

holes and electrons avoiding recombination phenomena.  

¶ Be electrochemically stable, to ensure long life-time for the electrode. A low cost and 

long-lasting electrode is one of the most important parameter to consider in the view of 

an industrial scale production. 

¶ Be optically transparent. Indeed, the light-active part of the photoelectrode is still the 

semiconductor. Lower is the absorption from the protective layer, higher will be the light-

to chemical yield of the photoelectrodes.  

¶ Should prevent the semiconductor surface from directly contacting the electrolyte. 

Ideally, such a layer would also possess favourable optical and electronic properties (e.g., 

large barrier for transfer of majority carriers; small interface trap state density).  

Clearly, not all coatings will fulfil these requirements. For example, too thick (i.e., more than a 

few nanometres) metal films will not be antireflective or optically transparent. 

In addition, catalysts or co-catalysts can also be added to the outer surface or incorporated as an 

additional component in the protective layer. The composition of the protective film, the 

deposition technique, and the structure at the interface can play significant roles in the final 

behaviour. 
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1.6.2 Techniques for the Creation of Protective Layers 

Different techniques can be used for the preparation of protective overlayers onto 

semiconductor surfaces. Of course, the technique will influence uniformity, stoichiometry, 

interfacial characteristics, and other structural and electronic properties of the film and hence 

may critically impact the stability and performances of the resulting composite photoelectrodes.  

Physical-Vapor Deposition (PVD) techniques, such as thermal or electron-beam evaporation, 

magnetron sputtering, and pulsed-laser deposition, allow for precise control over the 

composition and thickness of the protective film. The main drawback of PVD techniques the 

possible inhomogeneous deposition on structured semiconductor surfaces that sometimes can 

be avoided by tuning the deposition conditions (e.g., chamber pressure and deposition 

geometry). Between PVD methods spattering is one of the most used ones but sometimes leads 

to surface damage due to the impact of high-energy ions150. Moreover, PVD techniques show a 

lack of chemical control at the interface between the semiconductor and the deposited film.  

Chemical vapor deposition (CVD) techniques have also been used for forming corrosion 

protection coatings. These techniques are limited by the precursor volatility, stability, and 

deposition chemistry. Atomic-layer deposition (ALD) uses sequential, self-limiting surface 

reactions and is particularly suitable for uniform deposition on high aspect-ratio or porous 

materials151. Further, ALD exhibits a high degree of thickness control relative to traditional CVD 

and PVD techniques. Due to these advantages, a large number of recent studies on the protection 

of photoelectrodes have used ALD57.  

Electrodeposition is another well-studied technique that can coat high aspect-ratio materials and 

generally deposits materials where a conductive path and precursor species are simultaneously 

present. It allows to follow in detail the deposition and control the amount of material used. This 

technique is limited by the deposition conditions (e.g., near room temperature, liquid 

environment) and generally results in porous coatings152. {ƻƭҍƎŜƭΣ ŎƘŜƳƛŎŀƭ ōŀǘƘΣ ŀƴŘ ǎǇǊŀȅ 

deposition of materials are also of interest due to their low cost of implementation, but like 

electrodeposition, these techniques often result in porous films that can even remain somewhat 

porous after post-deposition annealing/ densification steps153,154. 

1.6.3 Cu2O-based Junctions  

One of the main limiting factors in the use of Cu2O and indeed several protective layers were 

proposed in literature: Graetzel et al. reported a Cu2O/ZnO/Al2O3/TiO2/Pt electrode (Figure 51) 

able to reach photocurrents as high as -7.6 mA cm-2 at 0 V vs. RHE with high stability thanks to 

the protective nature of TiO2 and high conductivity of ZnO/Al2O3 (AZO)57. Moreover, RuO2 

appears to have a longer lifetime as an HER catalyst in this system, and a subsequent work has 

reported half-cell efficiencies of up to 6% with 96 h of continuous operation using a p-

Cu2O/AZO/TiO2/RuOx structure155.  

Very recently the coupling of a surface-protected Cu2O with a MoS2 HER catalyst and a NiςMo 

catalyst layer resulted in the highest reported photocurrents for a Cu2O-based photocathode 

without noble metals, with -6.3 mA cm-2 at 0 V vs RHE in 1 M KOH electrolyte156.  
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This appears to be the first report of the stability of MoS2 in highly basic conditions, as a cost-

effective HER catalyst instead of Pt. Another group reported a Cu2O/n-AZO/TiO2/MoS2+x
 

heterojunction photocathode that exhibited improved stability in harsh acidic environments, 

with slightly lower photocurrents of  -5.7 mA cm-2 at 0 V vs. RHE at pH 1157. 

According to some authors the presence of an HER co-catalyst is not necessary and stable and 

active photocathodes can be obtained. Siripala et al. presented a Cu2O/TiO2 heterojunction 

structure, with electrodeposited Cu2O and TiO2 overlayer made by electron-beam evaporation158. 

Cu2O nanowires have also been protected by Lin et al. thanks to the deposition of spin-coated 

NiO159.  

Coupling of Cu2O to n-type WO3 is a strategy utilised to increase the stability; for example, a Cu2O 

nanowire photocathode modified with a thin film of NiOx coupled to a WO3 nanosheet 

photoanode exhibited a photocurrent density of -4.98 mA cm-2 at -0.33 V vs. NHE and good 

stability over 20 min illumination time,59 while a WO3/Cu2O NW also exhibited improved 

photocurrents for water reduction160. Similarly, a Cu/Cu2O/CuO composite electrode also 

exhibited improved activity161 as well as Cu2O/CuO heterojunction where CuO is the layer in 

contact with the solution162,163. 

Other authors have tried the coupling of Cu2O to RGO with an increases Cu2O activity for CO2 

photoreduction and the photocurrent of this junction is nearly double than that of the bare Cu2O 

photocathode. The improved activity together with the enhanced stability of Cu2O was attributed 

to the efficient charges separation and transfer to RGO as well as the protection function of 

RGO164,165.  

 

Figure 51. Schematic representation ƻŦ ǘƘŜ tŀǊŀŎŎƘƛƴƻΩǎ /ǳ2O electrodes structure and an SEM image of it. Figures 
from Adriana Paracchino et al. Highly active oxide photocathode for photoelectrochemical water reduction, Nature 
Materials, 2011, 10, 456-463 57. 

In this work were tested two possibilities for the protection of Cu2O with the creation of 

heterojunction: an overlayer made of FeOOH and a CuO/Cu2O core-shell system. 
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1.6.4 FeOOH 

The chemistry of iron is extremely complex and wide, with 16 different compounds between 

oxides, hydroxides and oxide-hydroxides166,167. Iron oxides are widespread compounds in nature 

occurring in lithosphere, biosphere, and hydrosphere, but they can also easily be synthetized in 

laboratory.  Nowadays they are used as pigments168, catalysts for various reaction like oxygen 

evolution reaction (OER)169ς172, and also adsorbants173 in the ecosphere. Moreover, they are steel 

corrosion products, and this makes these compounds largely study. In this work, we will focus 

our attention in the iron oxides coming from the use of steel as cathode for industrial 

electrochemical processes, FeOOH. 

One example is the use of steel as cathode for the NaClO3 production, the precursor of ClO2, a 

bleaching agent with a huge worldwide market. The use of chlorine free (ECF) is one of the most 

used reaction for the bleaching of pulp. This process is environmental friendly and economically 

feasible. The active bleaching agent in the ECF bleaching, chlorine dioxide, is a very active specie 

and for practical and safety reasons its storage must be limited. Consequently, ClO2 must be 

produced in-situ from its precursor, sodium chlorate (NaClO3), that has no safety issue, by 

reduction with H2O2 or methanol under acid conditions174.  

The complete steps of NaClO3 formation are here reported: 

The main electrochemical reactions taking place in the cell are chloride oxidation to chlorine (1) 

and water reduction to hydrogen and hydroxide (2). 

Anodic chloride oxidation: 

2ὅὰҍχ ὅὰ2+2Ὡҍ (1) 

Cathodic water reduction: 

2Ὄ2ὕ+2Ὡҍχ Ὄ2+2ὕὌҍ (2) 

The formation of OH- from reaction 2 ensure the neutrality of the reaction. 

Chlorine formed at a DSA anode is instantaneously dissolved and according to reaction 3, 

hydrolyzed to hypochlorous acid. In the bulk electrolyte acid base equilibrium reactions (4) and 

disproportionation reactions (5) between two hypochlorous acid molecules and one hypochlorite 

ion takes place.  

ὅὰ2+2Ὄ2ὕᵶὌὅὰὕ+Ὄ3ὕ++ὅὰҍ (3) 

Ὄὅὰὕ+Ὄ2ὕᵶὅὰὕҍ+Ὄ3ὕ+ (4) 

2Ὄὅὰὕ+ὅὰὕҍ+2Ὄ2ὕҦὅὰὕ3ҍ+2Ὄ3ὕ++2ὅὰҍ (5) 

The overall reaction for the formation of sodium chlorate is then: 

ὔὥὅὰ+3Ὄ2ὕ ὔὥὅὰὕ3+3Ὄ2 (6) 
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The electrochemical route here showed is a highly power demanding process and many efforts 

have been done in order to improve the feasibility of the process, mainly focusing on reduction 

of cathode overpotential. The worldwide used material for commercial cathodes is mild steel 

such as EN 10277-2-2008, which is a low alloyed steel with low amount of carbon. A good balance 

between low cost and current efficiency is provided by this material. Nevertheless, its main 

drawback is high corrosion rates that lead, in some circumstances, to lower current efficiency. 

According to previous work XRD analysis on cathodes from different plants the formation of a 

ǘƘƛƴ ƭŀȅŜǊ ƻŦ ƎƻŜǘƘƛǘŜ όʰ-CŜhhIύ ƻǊ ƭŜǇƛŘƻŎǊƻŎƛǘŜ όʴ-FeOOH) was noticed. The current efficiencies 

of these oxyhydroxides for water reduction is the same of mild steel once the reduced site is 

obtained on both the surfaces. In literature, the formation of Fe(OH)2 was assumed as the main 

corrosion product of goethite and lepidocrocite under strong cathodic polarization mainly under 

alkaline condition175. Moreover, for most the authors this is just an assumption because of the 

difficulties in the characterization of the phase with techniques like Mossbauer spectroscopy, 

FTIR and other. All the authors confirm anyway the formation of an Fe(II)-specie that was not 

fully understand176,177. The use of in-situ techniques seems to be the best option to evaluate the 

reduced phase. Previous study using in-situ XAS and XRD were performed on lepidocrocite by 

Monnier et al. 178 at two different pH, 7.5 and 9. The authors claims the formation of two different 

main products, magnetite and Fe(OH)2 respectively. A strong dependence on pH is then expected 

for this reaction. 

These materials were here studied by electrochemical and XAS techniques to gain information 

about their oxidation state during HER and its reversibility. Both corrosion products were 

prepared by electrochemical method and tested in a well-established cell together from their 

open circuit potential (OCP) until strong hydrogen evolution reaction (HER) was recorded. A proof 

of the electrochemical specie involved during hydrogen evolution was so given while the 

reversibility of the system was studied too. In addition, the electrochromic properties of such 

material together with the self-conversion of a-FeOOH in g-FeOOH were observed. Then the final 

interaction of FeOOH and Cu2O was studied to explore the possibility of protecting the Cu(I) oxide 

by 80 nm of a transparent FeOOH layer. 

1.6.4.1 FeOOH Brief Review 

FeOOH has two main phases that occur widely in nature, goethite (the alpha phase) and 

lepidocrocite (the gamma phase). Different structures like beta and delta FeOOH were also found 

but their occurrence and stability in nature is much less evident.  

Goethite: alpha-FeOOH is one of the most widespread iron oxides in natural environments. It has 

orthorhombic crystal system with space group Pbnm. Its color varies from yellowish to reddish, 

to dark brown or black. The lattice structure is here reported.  
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Figure 52.  Goethite structure obtained with VESTA from Gualtieri A, Venturelli P, American Mineralogist 84 (1999) 
895-904179 

Lepidocrocite (gamma-FeOOH), also called esmeraldite or hydrohematite, has an orthorhombic 

crystal structure with space group Cmcm. It is red to reddish-brown and it forms when iron-

containing species undergoes oxidation underwater. Lepidocrocite is commonly found in the 

weathering of primary iron minerals and in iron ore deposits.  

The structure of lepidocrocite is similar to the boehmite structure found in bauxite and consists 

of layered iron(III) oxide octahedra bonded by hydrogen bonding via hydroxide layers as is 

possible to notice in the computed structure below. 

 

Figure 53. Lepidocrocite structure obtained with VESTA from Wyckoff R. W. G. Crystal Structures 1 (1963) 290-295 
Second edition. Interscience Publishers, New York180.  
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1.7 DFT Calculation on Cu2O 

1.7.1 The Schrödinger Equation 

Theoretical and computational chemistry are a subfield of chemistry dealing with mathematical 

methods and fundamental laws of physic combined together with the focus on solving chemically 

related problems with calculations.  The base of those calculations is the SchrödingerΩ 

equation181. 

In quantum mechanics, the SchröŘƛƴƎŜǊΩǎ Ŝǉǳŀǘƛƻƴ ƛǎ ŀōƭŜ ǘƻ describe the temporal evolution of 

a system like a particle, an atom or a molecule. The equation is a differential equation known as 

a wave-equation. The unknow variable is ̞, the wave function. This is in accordance with the De 

Broglie hypothesis in which all the particles constituting the matter can be associated with a wave 

(wave-particle dualism). According to Copenhagen interpretation the square of the wave gives 

the probability of finding the particle in a specific region of space182,183.  

The time dependent Schrödinger equation, which gives a description of system evolving in time, 

is given by:  

Ὥü
‬

‬ὸ
‪ὶȟὸ [‪ὶȟὸ 

Where ƚ is the Plank constant (6.62607004 × 10-34 m2 kg s-1) divided by н ,̄ ̞  is the work function 

and J is the Hamiltonian operator, which is an energy operator with all the relevant energy 

operation for the system. In a molecular system, it contains the repulsive interaction between 

nuclei (Vn-n), the repulsive interaction between electrons (Ve-e), the attractive interaction 

between nuclei and electron (Vn-e) and the kinetic operator of electrons and nuclei, Te and Tn 

respectively. 
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The definition of the kinetics operators comes from classical mechanic and is given by: 

Ὕ  
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Where m is the mass of the particle and p is the momentum defined as ὴ Ὥü​ , so that the 

kinetic contributes for electrons and nuclei are given respectively by: 
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And me is the electron mass = 9.1094x10-31 Kg, e is the elementary charge = 1.6022x10-19 and ʁ 0 

is the vacuum permittivity = 8.8542x10-12 AsV-1m-1. 

But usually, for quantum chemical calculation, is mostly used a time independent version of this 

equation where t=0. This simplified version is given by: 

[‪ Ὁ‪ 

Where E is the energy eigenvalue.  

With Schrödinger equation in principle is possible to find the exact solution of any quantum 

problem once the appropriate Hamiltonian is used. Unfortunately, in reality is possible to find 

the exact solution just for a very simple system like the H atom 181ς184 or the H2
+ ones184. Then 

electron-electron interaction makes the evaluation too complex. For all the other system are 

indeed required at least two approximations, the Born-Oppenheimer and the single particle 

approximation.  

1.7.2 The Born-Oppenheimer Approximation 

The Born-Oppenheimer approximation183ς187 assumes that the motion of atomic nuclei and 

electrons (vibrational and rotational) in a molecule can be separated. In this way, the 

computation of wavefunction and energy of a molecules is largely simplified. This separation is 

possible because the mass of electrons is much smaller than the one of nuclei (104 to 105 times 

lower) and that means that nuclei can be consider static if compared to the electrons movement. 

In this way nuclei can be considered as classical point charges that sit at well-defined positions 

and the Hamiltonian starts to depend on the Ri as parameter. 

With this approximation, the term Ὕ vanishes and the term ὠ  becomes a constant that can 

be calculated. 

Accordingly, the wavefunctions can be split into electronic and nucleus contributions: 

‪  ‪‪  
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1.7.3 The Hartree-Fock Equation 

While the Born-Oppenheimer approximation is used to reduce the complexity of the 

Hamiltonian, the Hatree-Fock equation allows to solve a many body wave function188ς192. Indeed, 

Schrödinger equation can be solved analytically only for 1 electron system due to the 

complication introduced by the electron-electron interaction. To solve this problem a multi-

electrons system is decoupled in several 1-electron ones that can be solved with some 

approximation. Hartree-Fock equations are one of the available methods and they are used in all 

of modern quantum chemical methods. They introduce the exchange term and the Slater 

determinant of the wave function. 

A Slater determinant is a linear combination of the product of independent electron wave 

functions ({ i(xi)}) (also known as spin orbitals) with all possible combinations of the 

permutations of their coordinates. Also, the Slater determinant satisfies the antisymmetric 

property of the electronic wave function, which is essential because electrons are fermions and 

ƻōŜȅ tŀǳƭƛΩǎ ŜȄŎƭǳǎƛƻƴ ǇǊƛƴŎƛǇƭŜΦ CƻǊ ŀƴ b-electron system the HF wave function looks like: 

  ὼ   ὼ
ρ

ЍὔȦ
  

‰ ὼ ‰ ὼ Ễ ‰ ὼ

‰ ὼ ‰ ὼ Ễ ‰ ὼ

ể ể Ệ ể
‰ ὼ ‰ ὼ Ễ ‰ ὼ

 

In the Hartree-Fock the electronic part of the atomic Hamiltonian, is used to solve the electronic 

Schrödinger equation. Thus, the Hamiltonian consists of the kinetic energy of the electrons Ὕ, 

the electrostatic interactions between electrons and nuclei, which define the external potential 

(vext(r)) the electrons are moving in, and the Hartree potential vHartree(r), which describes the 

interactions between the electrons. In this way, instead of using the exact position of the 

electrons is possible to use the effective potential of the surrounding electrons.  

Then, to consider the Pauli principle and to remove the interaction of an electron with itself, an 

exchange terms and a Slater determinant were introduced giving the Hatree-Fock equation: 
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In this equation, the physical situation is described by the kinetic energy and by the electrostatic 

contributions while the exchange part Ex is required to subtract the electrons self-interaction and 

the electrons interaction with other electrons with the same spin in the same spatial region 

introduced by the Hartree potential.  
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Then once all the 1-electron Hartree-Fock equations are solved the total energy of the system 

can be obtained by: 

Ὁ  Ὁ  ὺ  Ὁ  ὺ  

Note that the Hartree potential is subtracted to avoid double counting.  

Even though the Hamiltonian used to calculate the total energy is in principle exact for a non-

relativistic system within the Born-Oppenheimer approximation, the energies obtained with the 

Hartree-Fock equation are generally poor compared to the exact total energy193. This deviation, 

which is generally negative, i.e. the Hartree-Fock energy is always larger than the exact energy, 

is called correlation energy186. The correlation effects can be attributed to inaccuracies resulting 

from the erroneous description of the correlated electrons movement, which results in a too 

weak repulsion of electrons in the effective potential used in Hartree-Fock (dynamic correlation). 

A second contribution to the correlation energy is the static correlation. Static correlation 

concerns the fact that only a single determinant is used to describe the wave function in the 

Hartree-Fock method. Although this approximation is valid in many cases it may not be sufficient 

for the ground state of all structures. The latter effect is especially problematic in systems were 

the ground state consists of several near-degenerate states as it can often be found in transition 

metal chemistry194. In ab initio quantum chemistry, a rich set of tools was developed to deal with 

both dynamic and static correlation effects195. These methods would in principle allow for very 

accurate results by systematic improvements of the basis set and methodology. A major 

drawback however results from the very high computational costs rendering these methods 

inapplicable for larger systems.  

1.7.4 Density Functional Theory (DFT) 

The basis of DFT196 is the proof of Hoheberg and Kohn that the ground state electronic energy is 

completely determined by the electron density r197. The electron density is given by the square 

of the wave function integrated over N-1 electron coordinates. It only depends on 3 coordinates 

(four if spin is included) independently of the number of electrons. So, if increasing the system 

size will increase the wave function complexity, it will not affect the number of variables needed 

by the electron density. In the end, the goal of DFT is to find the functional connecting the 

electron density with the energy198ς201. Is important to note that a function is a prescription able 

to generate a number from a variable while a functional is prescription for obtaining a number 

from a function which of course depends on variables. Wavefunction and electron density are 

function, while the energy, depending on those function is a functional.  

The Hoheberg and Kohn theorem connects the external potential and the electron density 

considering that exist a unique external potential ’ ὶ for any ground state electron density. 

This means that if the electron density is known is possible to define the interaction occurring 

between electrons and nuclei and then the Hamiltonian for the system.  
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This is not applicable for practical problem and so the Kohn-Sham equation202 is introduced: 

ü
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Where electron density ́(r) is  

” ὶ  ȿ‪ ὶȿ 

And there the addition of the exchange correlation functional vxc(r) which contains the non-

classical part of the electrons kinetic energy and the correlation effect. The eigenvalue and 

eigenfunction obtained from Kohn-Sham equation are the correct one-particle energies that then 

can be used to calculate the whole energy of the system with the following expression: 
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Unfortunately, the exact exchange-correlation functional is not known and it can only be 

approximated with the different functional developed over the years203,204. Any of these 

functionals is composed by an exchange and a correlation part. The former removes the 

interaction of the electron with itself and is known exactly from Hartree-Fock. Nevertheless, 

approximated exchange functional also allows to reduce the errors related to the non-exact 

correlation functional194,201. 

There are different approximations for an exchange correlation functional with several levels of 

complexity ŀƴŘ ŀŎŎǳǊŀŎȅΦ tŜǊŘŜǿ ŎŀǘŜƎƻǊƛȊŜ ŀƭƭ ǘƘŜǎŜ ŦǳƴŎǘƛƻƴŀƭ ƛƴ ǘƘŜ ǎƻ ŎŀƭƭŜŘ άWŀŎƻōΩs ladderέ 

reported in Figure 54.  
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Figure 54. Schematic view ƻŦ άWŀŎƻōΩǎ ƭŀŘŘŜǊέ of exchange-correlation functionals proposed by J. P. Perdew 205. 

Functional can be divided in empirical (formulated on the base of previous results on molecular 

properties) and non-empirical (formulated only according to physical laws). Some of them will be 

briefly presented together with the ones used in this thesis to give an idea of the differences. 

LDA: Local-Density Approximation 

This is the simplest and least time-expensive method. It assumes the local density constant as a 

uniform electron gas, or that the variation of the density is an extremely slowly varying 

function199,202,206. The functional is known with high accuracy but this approximation is acceptable 

only for strongly delocalized system like metals.  

GGA: Generalized Gradient Approximation 

This functional improve the previous one considering the variation of the electron density at least 

in the close proximity207. GGA can improve the quality of the result respect to LDA functional in 

many properties of the system like geometries and ground state energy of molecules and 

solids208ς210. Especially, for covalent bond this functional is far better than LDA. Nevertheless, 

GGA is still pretty bad for very localized system such as molecules and it cannot capture Van Der 

Waals interaction or H-bonding at all. In this work a specific GGA functional was used for the 

calculation of all the ground state energies of the structure taken in account, the Perdew-Burke-

Ernzerhof (PBE)210ς214.  

Meta-GGA 

LǘΩǎ ǘƘŜ ǘƘƛǊŘ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ŦǳƴŎǘƛƻƴŀƭǎ ŀƴŘ ƛǘ ǳǎŜǎ ǘƘŜ ǎŜŎƻƴŘ ŘŜǊƛǾŀǘƛǾŜ ƻŦ ǘƘŜ ŘŜƴǎƛǘȅ ŀƴŘκƻǊ 

kinetic energy densities as additional degree of freedom. Is better than LDAs and GGAs 

functionals but of course it needs higher level resources and extended time. 
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Hybrid Functional  

Hybrid functional are indeed particularly efficient in band gap calculation, where usually most of 

the other method suffer from underestimation of the real value215. They incorporate a portion of 

exact exchange from HartreeςFock theory with exchange and correlation from other sources (ab 

initio or empirical). It remedies self-interaction error some extent and gives much better band 

gaps and reaction barrier heights than LDA and GGAs. Description of metals are worse than 

GGAs216. This kind of functional is the most requiring one in terms of computational resources. In 

this thesis HSE06 (Heyd-Scuseria-Ernzerhof 217) was used for the calculation of high accuracy DOS. 

1.7.5 Major Limits of DFT 

The use of approximate functional introduces two main errors: the self-interaction error 199,218ς

220and errors resulting from static correlation. The first one is because the electrons in DFT have 

repulsive interaction not only with other electrons but also with themselves. This leads to a 

forced delocalization and metallic behaviour (e.g. NiO appears to be metallic while from 

experiments it is found to be an insulating antiferromagnetic structure). Another drawback, of 

major importance in this work is the tendency of GGA DFT calculation in underestimate the band 

gap221,222. For this reason, hybrid, functional where used for the calculation of DOS, that largely 

improve the performances giving high reliable value223. Another solution is the use of GGA + U 

where U is a semi-empirical parameter used for the matching of the experimental energy value 

with the computational ones224.  

1.7.6 Cluster Computer 

These calculations, especially hybrid methods, are extremely expensive in terms of time and 

computational resources needed. For this reason, all the calculations required the use of a 

computer cluster, or simply cluster, being able to overcome in performance a single computer. A 

cluster is a set of tightly connected computers working together in a way that they can be 

considered as a single system. The components of a cluster are usually connected through fast 

local area network. 

For the cluster to be efficiently used it is equipped with a "batch processing system". The basic 

idea is that all computational tasks are packed and specified in advance, and then submitted as a 

"job" to the job scheduler of the batch processing system. The job scheduler will then put the job 

in its "job queue" and when the requested of computer resources are available it will execute the 

job on a partition of all the compute nodes of the cluster. 

The result of this approach is a more efficient use of all the compute nodes of the cluster as jobs 

are scheduled and executed automatically without any required user intervention. Thus, the 

cluster is working day and night, weekends, and holidays as long as there are jobs in the queue. 

To give an idea of the performance of those systems compared to PC, are here reported the 

hardware characteristics ƻŦ ǘƘŜ άIŜōōŜέ ŎƭǳǎǘŜǊ ǳǎŜŘ ŦƻǊ ǘƘƛǎ ǿƻǊƪΦ  
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Figure 55. Scheme of a Hebbe cluster computer architecture. Figure adapted from C3SE.se 

The Hebbe cluster is built on Intel 2650v3 (code-named "Haswell") CPU's. The system consists of 

in total 315 compute nodes (total of 6300 cores) with 26 TiB of RAM and 6 GPUs. More specific: 

¶ 260 compute nodes with 20 cores and 64 GB of RAM (249 of these available for SNIC 

users). 

¶ 38 compute nodes with 20 cores and 128 GB of RAM (30 of these available for SNIC users). 

¶ 7 compute nodes with 20 cores and 256 GB of RAM (not available for SNIC users). 

¶ 3 compute nodes with 20 cores and 512 GB of RAM (1 of these available for SNIC users). 

¶ 1 compute node with 20 cores and 1024 GB of RAM. 

¶ 4 compute nodes with 20 cores, 64 GB of RAM and 1 NVIDIA Tesla K40 GPU (2 of these 

available for SNIC users). 

¶ 2 compute nodes with 20 cores, 256 GB of RAM and NVIDIA k4200 for remote graphics. 

There are also 3 system servers used for accessing and managing the cluster. 

There's a 10 Gigabit Ethernet network used for logins, and a dedicated management network 

with Infiniband high-speed/low-latency network for parallel computations and filesystem access. 

The nodes are equipped with Mellanox ConnectX-3 FDR Infiniband 56Gbps HCA's. 

The server and computer node hardware were built by HP and delivered by GoVirtual. 

The simulations were performed on resources at Chalmers Centre for Computational Science and 

Engineering (C3SE) provided by the Swedish National Infrastructure for Computing (SNIC). 
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1.8 Doping and Vacancies on Cu2O 

The Cu+ ion external electronic structure is 3d104s0, with the 4s orbitals only slightly higher in 

energy than the 3d levels. The Cu 3d levels form the valence band of Cu2O and the empty Cu 4s 

levels form the conduction band225,226. This contrasts with the majority of metal oxides, which 

have O 2p states at the top of the VB. From DOS analysis was demonstrated that Cu2O is a 

semiconductor with a direct gap at the centre of the .Ǌƛƭƭƻǳƛƴ ȊƻƴŜ όɱ Ǉƻƛƴǘύ227.  

 

 

Figure 56. Cu2O bands structure plot calculated with LDA self-consistent method. A) Conduction band, B) Valence 
band. From Kleinman, L. and Mednick, K. Self-consistent energy bands of Cu2O. Phisical Review B, 21 (1980), 1549228.  

In the DOS from literature of Figure 56 is possible to notice the typical underestimated BG of LDA 

methods. Figure 57 instead calculated with hybrid functional shows a value closer to the real one 

and the different contribute of d-orbitals in the VB and CB. 
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Figure 57. Split Density of States (DOS) of Cu2O obtained with VASP and HSE06 method. All the energies are reported 
to the Fermi level one. 

The measured energy gap is Eg = 2.1720 eV at 4.2K, obtained as the limit of the yellow exciton 

series and it decreases with temperature. Our computational value is of 1.95 eV. 

One of the key parameters for photoelectrochemical water splitting semiconductors is their 

bands position with respect to the water oxidation and reduction potentials. Thermodynamically 

water reduction and oxidation potentials must lie between the valence band maximum (VBMax) 

and conduction band minimum (CBMin). The closer the CBMin energy to the vacuum level, the 

stronger is the reducing power. On the other hand, the oxidizing power is measured by the VBMax 

energy, lower it is, higher is the oxidizing power. The bands alignment of Cu2O satisfy the above 

mentioned requirements with a CBMin (-1.4 eV) far above the hydrogen production level (-0.65 

eV) and VBM (+0.77 eV) slightly below the water oxidation level (+0.57 eV) at pH = 7229,230. 

The Cu2O conductivity has been proved to come from copper vacancies creating acceptor states 

within the band gap at energy values of 0ΦоҍлΦр Ŝ± ŀōƻǾŜ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ±.Φ /ƻǇǇŜǊ ǾŀŎŀƴŎƛŜǎ 

(VCu's) can reach concentration up to 1020 cmҍ3, but the concentration of free holes at room 

temperature is usually only about 1018 cmҍ3 since not all the vacancies are ionized. Calculated 

formation enthalpies of the defects suggest that processing conditions including O2 partial 

pressure, temperature, and Fermi-level position can control their concentration effectively. 

Annealing temperature can increase the minority carrier lifetime of one order of magnitude231ς

233. 
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1.8.1 Vacancies Formation 

As showed in literature, Cu2O shows a spontaneous p-type conductivity and moreover it is a 

compensated material where both intrinsic acceptors and, in smaller number, donors are 

present. The compensation ratio NA/ND, (the acceptor concentration over the donor 

concentration), in most cases is just slightly larger than 1 and in any case lower than 10. A possible 

explanation, often invoked to explain similar problems in other semiconductors, can be the self-

compensation mechanism234: the more donor impurities are inserted, the more the energy of 

formation of acceptors is lowered; in this way, donors are always less than acceptors. The nature 

of the compensating donor is still controversial (simple candidates could be oxygen vacancies) 

and also their identification as intrinsic defects is not assessed. According to various author, the 

n-type doping seems to be impossible and this is probably attributable to the mechanism of self-

compensation, while other claim to be able to obtain an n-type behaviour for example with Cl-

doping235ς238.  

Excitons are usually classified in two categories, Frenkel and MottςWannier excitons, which 

correspond to the limit cases of the ratio between the excitonic radius and the lattice constant. 

Frenkel excitons have a radius of the order of the lattice constant or smaller, whereas Mottς

Wannier excitons have a much larger radius than the lattice constant. The excitons of Cu2O are 

Mott -Wannier excitons239. 

 

Table 5. Experimental enthalpies and entropies of neutral and charged defects taken from Aggarwal et al.240 and 
Porat et al.241 

The formation energy for neutral Cu and O vacancies is computed as follows for a 2x2x2 Cu2O 

supercell: 

Ὁ Ὁὅόὕ Ὁ ὅό Ὁὅόὕ  ὅέὴὴὩὶ ὺὥὧὥὲὧώ ὪέὶάὥὸὭέὲ 

Ὁ Ὁὅόὕ Ὁ ὕ Ὁὅόὕ  ὕὼώὫὩὲ ὺὥὧὥὲὧώ ὪέὶάὥὸὭέὲ 

A negative formation energy is related to a spontaneous vacancy formation. 
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The computed energy for a Cu vacancy from literature225 is 0.38 eV, a quite low value if compared 

to similar systems, so that their formation occurs easily and spontaneously. Once more than one 

vacancy is present, the formation energy change according to the reciprocal position of the 

vacancies and it was found that the most favourable position is on a different Cu2O network.  

 

Table 6. Cu vacancy formation energy and effective hole masses for configuration with 2 Cu vacancies. Table from 
ά5ŜŦŜŎǘǎ ƛƴ /ǳ2O, CuAlO2 and SrCu2O2 ǘǊŀƴǎǇŀǊŜƴǘ ŎƻƴŘǳŎǘƛƴƎ ƻȄƛŘŜǎέ ōȅ aΦ bƻƭŀƴ225. 

The most stable configuration for dopant and Cu vacancy is the one in where the Cu vacancies 

are clustered, i.e., separated by the internetwork Cu-Cu nearest neighbour distance, with one 

vacancy on the same Cu2O network as the dopant and the second vacancy on the other Cu2O 

network. For three Cu vacancies, two of the three Cu vacancies are in the same Cu2O network. 

For four Cu vacancies, three of the four Cu vacancies are found in the same Cu2O network.  

The presence of a neutral oxygen vacancy, able to add electrons to the system can compensate 

the holes but removing a single neutral oxygen atom tetrahedrally coordinated to a Cu atom costs 

3.08 eV much more respect to a neutral Cu vacancy. Other distributions of Cu and oxygen 

vacancies show even larger formation energies. This means that the Cu vacancies compensation 

by formation of oxygen vacancies is not favoured and the process is not expected. Moreover, 

other study suggest that Cu vacancy formation will not produce hole traps, which would impact 

negatively on the conductivity242.  

The vacancy formation, number and position will affect the number of charge carrier, their 

mobility and so the conductivity of the whole material. 
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1.8.2 Doping 

Doping Cu2O with cations from different elements is one of the most promising strategies to 

modify the BG, the acceptor states, and the valence band (VB) population in Cu2O. Doping can 

strongly affect the formation of defects such as vacancies and hence affect the electrical 

characteristics of the system, as well as impacting on the light absorption ability.  

Effects of cation doping are related to changes in the material crystal structure composed by two 

interpenetrated CuςO networks held together by non-bonding CuςCu interactions. Interesting 

the band gap of Cu2O can be both increased or decreased using the appropriate dopant as the 

variation in the BG arises from the effect of three different mechanisms:  

(i) The size of the dopant cation can influence the CuςCu interactions in the Cu2O host lattice 

(e.g., Sn2+ widens the BG because of its large ionic radius by increasing the CuςCu 

distances reducing the metal character of the semiconductor). Dopants with ionic radii 

larger than Cu+ (Ba2+, Sn2+, Cd2+, In3+, La3+, Ce4+ etc..) produce strong structural distortions 

around the dopant site. Dopants with ionic radii smaller than Cu+, such as Al3+, Ga3+, Ti4+, 

and Cr4+, show no structural distortions. 

(ii) The alignment of the dopant electronic states with those in the VB or CB of Cu2O with or 

without structural distortions (e.g., dopants such as In3+ (larger than Cu+) or Al3+ (smaller 

than Cu+) cause a reduction in the BG due to the presence of unoccupied 3s states with 

much lower energies than the Cu 4s orbitals).  

(iii) The introduction of dopant ion states within the gap with the formation of an 

intermediate band. 

An example that illustrates the need to fulfil all these requirements is provided by the isovalent 

doping of Cu2O using Ag+ or Au+. In this case, doping produces little structural distortions into the 

Cu2O lattice, and thus, Eg is not affected. Only small changes in the hole mobility occur because 

the d10 levels of Au+ and Ag+ are too low in energy to interact significantly with the d10 levels of 

Cu+243.  

About structural distortions introduced by cations doping in Cu2O, d10-d10 interactions between 

copper atoms are essential in determining both the band gap and the width of the valence band. 

When the d10-d10 interactions are suppressed the band gap is increased. This conclusion is related 

not only to 2D interactions but shows that the physical properties depend not only on local 

features of the crystal structure but also on its global spatial arrangement. So CuτCu 3D 

interactions must be improved in order to reduce the band gap244.  

The doping of cuprous oxide with larger cations than Cu+ increases the band gap, while 

maintaining the cubic structure because it will distort the crystallographic lattice and 

consequently diminish 3D CuςCu interactions, leading in the end to a band gap increase. In 

addition, the distortion induced in the Cu2O lattice to accommodate the dopant will, in general, 

depend on the size of the dopant. In the case of early TMs, the TM-Cu bond length (dN-N) is shorter 

than the Cu-Cu bonds in the pure Cu2O host.  

This has been noted in other studies, where the proposed explanation is that the deviation from 

the d10 configuration results in stronger TM-Cu bonds. Indeed by many authors was found the 

great influence of Cu-Cu interaction on the band gap244,245.  
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Cu+ in Cu2O behaves as a typical soft Lewis acid, with metallic Cu-Cu interactions producing high 

lying valence band states and low-lying conduction band states, and resulting in a higher 

conductivity and lower transparency than the oxides of harder Lewis acids (e.g., Na2O). A further 

suggestion from literature243 in the tuning of Cu2O BG, is the use of cations from hard Lewis acid 

to increase the band gap, while cations from soft Lewis acid if the aim is the BG reduction. In 

Cu2O, aliovalent dopants compensation is achieved by forming Cu vacancies. For a dopant of 

oxidation state n+, (n - 1) Cu vacancies are requested to compensate, the subsequent, nth, Cu 

vacancy is used to dope the system p-type. In this way the use of aliovalent cation would be a 

useful tool to increase the number of vacancies. 

Dopant Ionic radius (Å) Experimental Eg (eV) En-1
vac(eV) En

vac(eV) Computed Eg (eV) 

Cu2O 0.93 2.17 0.36 0.24 0.52 
Sn2+ 0.93 3.05 -0.95 0.15 0.63 
Zn2+ 0.40 3.30 -0.78 0.22 0.49 
Mg2+ 0.49 7.80 -0.46 0.26 0.56 
Ca2+ 1.00 7.03 -0.62 0.23 0.63 
Sr2+ 1.16 5.90 -0.65 0.14 0.65 
Ba2+ 1.36 4.10 -0.66 -0.12 0.62 
Cd2+ 0.84 2.35 -0.28 0.18 0.45 
Hg2+ 0.96 2.20 0.06 0.13 0.30 
Al3+ 0.39 8.80 -0.30 0.36 0.36 
Ga3+ 0.47 4.95 -0.08 0.14 0.11 
In3+ 0.79 3.57 0.16 0.29 0.13 
La3+ 1.06 5.40-5.80 -0.76 -0.57 0.67 
Ti4+ 0.61 3.05 0.12 0.42 0.27 
Cr4+ 0.44 3.25 0.22 0.34 0.04 
V4+ 0.36 0.70 -0.02 0.15 0.04 
Ce4+ 0.80 2.40 -1.26 0.51 0.05 

 

Figure 58. Ionic radius and Cu vacancy formation energy (Evac) and band gaps (Eg) for cation-doped Cu2O ŦǊƻƳ ά¢ǳƴƛƴƎ 

the transparency of Cǳнh ǿƛǘƘ ǎǳōǎǘƛǘǳǘƛƻƴŀƭ Ŏŀǘƛƻƴ ŘƻǇƛƴƎέ ōȅ bƻƭŀƴ Ŝǘ ŀƭΦ 243. 

In the column headed Ὁ , is presented the Cu vacancy formation energy for the first 

compensating Cu vacancy for dopant with oxidation state Mn+; in the column headed Ὁ , is 

presented the Cu vacancy formation energy for the p-type Cu vacancy for dopant with oxidation 

state Mn+; 

 

Table 7. Geometrical relaxations around the dopant site. dN-N is the distance between the dopant and the nearest O 
atom. d2N-N is the distance between the dopant and its second nearest Cu atoms. Esub is the substitution enthalpies for 
the different dopant ŦǊƻƳ ά9ŀǊƭȅ ǘǊŀƴǎƛǘƛƻƴ ƳŜǘŀƭ ŘƻǇŀƴǘǎ ƛƴ ŎǳǇǊƻǳǎ ƻȄƛŘŜΥ ǘƻ ǎǇƛƴ ƻǊ ƴƻǘ ǘƻ ǎǇƛƴέ ōȅ {ƻƻƴ Ŝǘ ŀƭΦ246 

Cationic substitution of one Cu atom per supercell (32 Cu and 16 O) with a dopant, will give a 

dopant concentration of 3.13% (in agreement with experimental regime), while replacing and 

oxygen atom gives an a 6.25% anionic concentration246.  
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These concentrations are reported by many authors to be enough for simulate the material 

behaviour and are consistent with the loading in experimental work247. For this reason, in this 

thesis the cell dimension was kept of this size.  

The energy for the doping is calculated according to the following equations: 

Ὁ
ρ

σς
Ὁ ᴼ Ὁ

ρ

σς
Ὁ  ρ 

Ὁ Ὁ ᴼ Ὁ Ὁ  ς 

where equation 1 was used in the case of a simple substitution of a transition metal inside the 

Cu2O lattice while the second one is for a double exchange with the formation of a metal-copper 

alloy in the underlayer. According to experimental results performed by Palacios et al.248 doping 

is possible until the substitution require less than 2eV. Even if this value was obtained for slightly 

different chalcopyrite system we can consider this as a threshold value for doping substitution 

and we will see how in this work most of the substituted materials require far less energy. 

Is to be noted that for the purpose of this thesis a doped material with reduced band gap is to be 

preferred. Moreover, an increased BG is of interest in the preparation of transparent and highly 

conductive oxides (TCO) to be used as transparent electrodes in flat panel displays and in solar 

conversion devices. An example of TCO are Indium Tin Oxide (ITO), ZnO or the FTO itself. For their 

preparation the synthesis of a semiconductor with large band gap and still high conductivity is 

mandatory244. Nowadays all TCO are n-type semiconductors, and the development of a hole 

conducting material (p-type) like Sr:Cu2O249 could generate new applications for this kind of 

materials like functional windows able to transmit visible light but at the same time to generate 

current due to the absorption of UV photons. Following is presented a list of the dopant material 

tested in literature and their results:  

H and passivation: Using an exposure time of 30 minutes, pH2 = 1mTorr and Tsub = 300 °C the 

authors250 succeeded to reduce the carriers concentration from 1.7 × 1016 cmҍ3 to 2 × 1015 cmҍ3 

and to increase the mobility from 5.3 to 28.9 cm2/(V s). Therefore, it seems that hydrogen can 

effectively passivate the acceptors. The authors explained this mobility increase by the lower 

effect of ionic impurity scattering due to the lower carrier concentration and then by the fact that 

the dangling bonds at the grain boundaries are passivated by the hydrogen reducing the barrier 

height. Passivation of nonradiative recombination centres can be also  obtained by cyanide 

treatment with an increased holes density251.  

Alkaline Metals: The main effects of the alkaline doping on the optical properties were a 

reduction in the direct band gap and an approach of the acceptor level edge to the maximum of 

the valence band. Moreover, AFM showed an increase of the carrier density and electrical 

conductivity, and a reduction in the photocurrent with the dopant ion size.  

The main effect of the alkaline substitution of copper atoms consists of polarizing O states, with 

a reduction in the insulating gap and splitting of the density of states just below the Fermi level252.  

Sodium: With Na loading the resistivity of the sample largely decrease from 1.2x106 to 330 ʍcm 

and the carrier concentration arise from 5.1x1014 to 1.7x1018.  
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Small reduction of the band gap (from 2.19 to 2.04) due to the creation of an impurity acceptor 

level above the valence band were recorded253ς255.  

Chlorine: Results on this material shows a conductivity about one order of magnitude greater 

than the undoped material. The measurements of the carriers concentration (holes) as a function 

of temperature suggest that chlorine acts both as a donor, substituting the oxygen, and as an 

acceptor, sitting in an interstitial position238.  

Nitrogen: N-doping slightly widens the band gap of Cu2O, and form an intermediate band in the 

gap located at about 0.9 eV from the VB. This intermediate band is predominantly formed by 

hybridization between the N-2p states and the Cu-3d states. N-doped Cu2O can absorb from the 

near infrared region to the ultraviolet region. Here N substitute O atoms acting as a p-type 

dopant256 but other paper disagree considering too difficult to substitute O with N because of the 

larger radius of N257. In all the studied case there are improvements in the absorption coefficient 

spectra when the material is N-doped258,259 as will be explained in the next paragraph. 

Zinc and Indium: According to different authors the Zn-doping reduce the lattice constant of 

Cu2O giving an increase of the BG when Zn act as a donor impurity260,261. Depending from the 

paper Zn-doped Cu2O shows a larger resistivity than the undoped sample262 while other authors 

found an improved carrier concentration and charge transfer, giving anyway extremely low 

photocurrent263. Another author264, noticed a shape evolution of the Zn-doped Cu2O 

microcrystals. Increasing relative concentrations of the Zn precursor followed an order in 

decreasing numbers of facets. Small increase in the band gap was recorded with the increase in 

Zn concentration. In-doped Cu2O increases the lattice constant and increases the band gap. In 

some case can lead to the formation of the n-doped Cu2O. Indium acts as a donor impurity in 

Cu2O262. 

Silicon: ¢ƘŜ ƭƻǿŜǎǘ ǊŜǎƛǎǘƛǾƛǘȅ ƻōǘŀƛƴŜŘ ǿŀǎ мн ʍŎƳ ŀƴŘ ǘƘƛǎ ǎŀƳǇƭŜ ǎƘƻǿŜŘ ŀ Iŀƭƭ Ƴƻōƛƭƛǘȅ ƻŦ 

about 10 cm2/(V s). Si should be coordinated by 4 oxygen atoms instead of 2 like the copper. 

Therefore, Si acts probably not a substitutional impurity but an element that produces SiO2 

inclusions265. 

Silver: Ag-doping generates minimal changes in the band gap and band gap energies. Ag-doped 

samples exhibit improved conductivity and fourfold increase in photocurrent density with 

respect to undoped samples266. This happens because Ag in Cu2O is a supposed to disrupt OςCuς

O network and reduce CuςCu interactions, increasing the conductivity of the Cu2O leading to 

more charge carrier generation, and therefore providing a greater photoresponse than the 

undoped Cu2O. With higher concentration of dopant the performances are reduced because of 

recombination centres that inhibit the increased charge separation efficiency266. 

Iron: Fe-doping shows a reduced experimental BG (2.5Ą 2.21eV) with enhanced photocurrent 

with just 2% doping compared to the undoped semiconductor. Higher concentrations are proved 

to generate more defect acting as recombination centre inhibiting the increased charge 

separation. The recorded improved conductivity could be moreover due to the appearance of Fe 

3d states in the doped sample267,268. 
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Gold: Just a small (1.6% of the undoped value) optical absorption edge decrease was recorded 

with Au-doping.  Moreover, it can improve the transmissions of photoelectron and vacancy, and 

reduce recombination of electron-hole pairs because of the formation of an impurity level, which 

can enhance the visible absorption, and reduce the absorption efficiency of ultraviolet (UV) 

light269. 

Magnesium: Mg-doped Cu2O is an example of the advantage of doping on the conductivity. The 

fabricated doped thin films reached up to 17% of magnesium, resulting in morphology changes. 

Electrical resistivity largely decreases from 202 ʍŎƳ was reduced to 6.6 ʍŎƳ, due to the increase 

of charge-carrier density. The band gap has a little bit increased (2.4eV) compared to intrinsic 

cuprous oxide. On the other hand, the increase of the charge carrier density is clearly visible, 

ranging from 4.5x1015cm-3 up to 8.1x1017cm-3 for an increasing in Mg content from 0% to 17% 

thanks to the enhanced creation of copper vacancies. The two combined properties lead to a 

general decrease of resistivity270. Other authors claim that the similar ionic radius of Mg respect 

to copper together with its d5 configuration should help Cu2O to be less likely to form trap states. 

An improvement in electrical properties of Cu2O thin films is observed upon doping with just 0.5 

at %271.  

Strontium: It was found that strontium doping induces a significant improvement of the electrical 

properties with Sr:Cu2O thin films resistivity Řƻǿƴ ǘƻ мΦн ʍŎƳ ŀǘ ǊƻƻƳ ǘŜƳǇŜǊŀǘǳǊŜ with a 

strontium content of 5-7%. However, at higher strontium content, the resistivity is deteriorated 

even after annealing. The room temperature free hole densities lies in the range of 1.2 × 1015 to 

2.8 × 1017 cmҍ3, depending on the strontium content and on the postdeposition annealing272. 

Other authors find that an increase in Sr content decreases resistivity from 106 to 102 ʍŎƳ for 

film with 5-с҈ ƻŦ {ǊΦ ¦ƴƭƛƪŜ bƻƭŀƴΩǎ ŎŀƭŎǳƭŀǘƛƻƴ225 no increase of the band gap was recorded in 

the experiments while morphology is affected by Sr content indeed273. 

Manganese and Nickel:  Sometimes doping does not improve the properties of the material as 

happens with Mn-doping. In this case the only result is an increased resistivity at room 

temperature for the doped sample274. In other case, the resistivity of the doped samples was 

lowered by a factor of 2 with respect to the undoped ones275. Undesired results were found also 

for Ni-doped Cu2O where the Ni atoms enter the interstitial sites in Ni-doped Cu2O film producing 

scattering centres of the neutral impurity, resulting in low mobility. The mobility in Ni-doped films 

monotonically increased with increasing deposition temperature while the mobility in undoped 

films decreased276. The most important conclusion is that the Ni impurities do not affect the 

carrier concentration but only the mobility. 

1.8.3 Co-doping 

Until now single cationic doping was discussed with the generation of acceptor states in the ban 

gap. These states could behave like recombination centre reducing the efficiency of the 

photocatalyst. Instead of mono-doping, anionic and cationic co-doping could improve the final 

performance of the material. Moreover, in case of poor dopant solubility, a feasible solution is to 

simultaneously incorporate certain amounts of p-type and n-type dopants, for lowering their 

formation energy, which is also the fundamental principle of compensated co-doping277.  
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Indeed, the calculated defect formation energy shows that the co-doping is energetically more 

favourable than mono-doping due to the Coulomb interactions and charge compensation effects. 

Recent results were reported with TiO2
278, ZnS, Bi2WO6

279,280 and of course on Cu2O230 with DFT 

calculations. On the latter the best combination found by the authors was composed by an Sn + 

B doping with reduction of the forbitten band-gap and an increased optical absorption. Due to 

the lack of computational time any co-doping was tested during this work, but their use could be 

helpful to improve the performance obtained with mono-doping and increasing the number of 

possible dopants. 

1.8.4 Intermediate Band Doped System 

As previously seen, the presence of a dopant can increase or reduce the band gap according to 

size, electronic structure, and capability of vacancies formation. Another interesting property of 

doped system is the introduction of an intermediate band inside the band gap of the 

semiconductor thanks to the energetic level of the dopant. These systems called intermediate 

band solar cell (IBSC) were firstly proposed by Luque281,282 in 1997 and they are gaining more and 

more attention283ς285. The intermediate band (IB) acts as a stepping stone for electrons coming 

from VB. In this way, electron can be excited not only by photons with an energy higher than the 

forbitten band, but also by those having at least the energy between IB-CB and IB-VB. With this 

trick the total carriers generation increase and the light absorption is expanded significantly286ς

288.  

 

 

Figure 59. A) Schematic representation of the IBSC system. B) DOS of a chalcopyrite doped system with intermediate 
band gap from reference248. 
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Actually on Cu2O interesting results were  obtained by Malerba et al.289 and other authors256,258,290 

with N-doped Cu2O both from computational and experimental point of view. 

 

Figure 60. Adsorption spectra of different doses N-doped Cu2O and undoped films obtained from experimental results 
ƛƴ ά! ŎƻƳōƛƴŜŘ ŜȄǇŜǊƛƳŜƴǘŀƭ-computational study on nitrogen doped Cu2hέ ōȅ tƛƴƎ Ŝǘ ŀƭΦ 258 

From the results obtained by the authors258, we can clearly see a new absorption peak below the 

BG with a red-shift of the absorption band edge. If more photons can be used for the electron-

hole pair generation, this will improve the performance of the material. 

 

Figure 61. Sketch of an intermediate band (IB) energy band diagram in thermal equilibrium showing the energy band 
extremes. Dashed and dotted regions correspond to electron-filled and empty bands respectively (at 0 K). Figure from 
ά! ƳŜǘŀƭƭƛŎ LƴǘŜǊƳŜŘƛŀǘŜ .ŀƴŘ IƛƎƘ 9ŦŦƛŎƛŜƴŎȅ {ƻƭŀǊ /ŜƭƭΩ ōȅ !Φ [ǳǉǳŜ Ŝǘ ŀƭΦ 291 
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To obtain an efficient IB some requirements have to be fulfilled281,291ς294 

¶ It must be half-filled and lie on the Fermi level. This is necessary to have strong light 

absorption for transition to and from IB248. 

¶ Must be clearly separated both from VB and CB. 

¶ Split the original BG in two sub-bandgaps of approximatively the same width. 

¶ 5ƻƴΩǘ ōŜƛƴƎ ŀ ŎŜƴǘǊŜ ŦƻǊ ƴƻƴ-radiative recombination.  

¶ It must have small dispersion and must not be a discrete level. 

According to literature, on Cu2O only nitrogen seems to be the effective material for the 

generation of the proper IB enhancing the light-catching performance of Cu2O. 
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1.9 Additional Physicochemical Techniques 

1.9.1 Scanning Electron Microscopy (SEM) 

SEM is a powerful tool for solids morphology analysis. It allows to study shape, size, and structure 

of materials with high resolution (it can analyse samples in the nanometres scale). This 

microscope uses a focused electrons beam that interacts with the surface of the sample. The 

primary electrons beam scans the surface point by point on a small area of the sample under 

vacuum because air will stop the beam. The interaction of the primary beam with the matter 

generates secondary electrons. The latter are collected by a detector placed on the top of the 

sample with a given angle respect to the incident beam. The signal is then transformed in black 

and white images with extremely high resolution.  

Since only the sampleΩǎ surface is the source of secondary electrons, this technique can give only 

an image of the outer layers of the material. 

 

Figure 62. Schematic view of a Scanning Electron Microscopy. Image from Zeiss SEM Electron Optics: 
https://www.zeiss.com/microscopy/int/products/fib-sem-instruments/crossbeam/crossbeam-technology.html 

1.9.2 Physical Vapor Deposition (PVD) 

Physical Vapor Deposition, is a quite common method for the deposition of thin films under 

vacuum widely used in the production of electronic devices. The material of interest is heated 

and evaporated under vacuum as atoms or molecules, then, as a vapour, it condenses on the 

substrate. This technique can create thin layers in the order of few tens of nanometres over 

almost any surface. Obviously, adherence properties and homogeneity of the applied overlayer 

are strictly related to the substrate material and operative conditions.  
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Different systems are available on the market for the creation of the vapour. In this work the 

instrument was provided with a thermal evaporator based on Joule effect where a high current 

cross the crucible with the metal reservoir (Au) creating the gold cloud over the substrate295.  

 

Figure 63. Schematic view of a Physical Vapour Deposition system.  

1.9.3 X-Ray Diffraction (XRD) 

LǘΩǎ ŀ ƴƻƴ-destructive technique able to provide information about the crystal structure, the 

chemical composition and the physical properties of powder materials or thin film.  

X-ray diffraction is based on constructive interference of monochromatic X-rays and a crystalline 

sample. These incident X-rays, generated by a cathode ray tube, interact with the sample 

producing a constructive interference (and a diffracted ray) when conditions satisfy Bragg's Law 

όƴ˂ҐнŘ ǎƛƴ ʻύΦ ¢Ƙƛǎ ƭŀǿ ǊŜƭŀǘŜǎ ǘƘŜ ǿŀǾŜƭŜƴƎǘƘ ƻŦ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ ǊŀŘƛŀǘƛƻƴ ǘƻ the diffraction 

angle and the lattice spacing in a crystalline sample. By scanning the sample through a range of 

н ̒angles, all possible diffraction directions of the lattice should be attained due to the random 

orientation of the powdered material. Conversion of the diffraction peaks to d-spacings allows to 

identify the material because each mineral has a specific pattern of d-spacings. The comparison 

with standard material spectra then allows the identification of the sample. 

The instrument used in this work allows to modify the X-rays source angle in order to focus the 

beam mostly on the electrodeposited thin film than on the substrate. 
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Figure 64. XRD schematic view. The used instrument allows to modify both the detector and the source angle. Image 
from http://www.shimadzu.com/an/elemental/xrd/onesight.html 

1.9.4 Solar Simulator (SS) 

A solar simulator is a light source with a spectrum as close as possible to the sun one so that it 

would be possible to perform indoor experiment for PV materials with controlled conditions that 

resemble the natural ones. The sun spectrum is very close to the one of a black body but the 

intensity reaching the Earth surface is different. The intensity of the solar simulator light is then 

defined by the air mass coefficient (AM). It is a measure of the direct optical path length trough 

the atmosphere at the zenith used as a standardize condition. Briefly is a measure of the 

attenuation of the sunlight induced by the presence of the atmosphere that can scatter and 

absorb the sunlight. In this work, a value of 1.5AM was used as in most of the solar panel 

characterization.  

 

Figure 65.  Solar (yellow), black body (black line) and AM1.5 (red) spectra comparison. Figure from American Society 
for Testing and Materials (ASTM) (http://www.astm.org/) 
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1.9.5 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy implies the application of small amplitude (5-10 mV) 

a.c. signals of selected frequencies. By varying the frequency of the signal, a selective 

perturbation of different physico-chemical phenomena can be performed, thus allowing the 

identification of their separate contributions. In this work EIS was used to obtain a Mott-Schottky 

plot of the semiconductor. This plot describes the reciprocal of the square of capacitance versus 

the potential difference between bulk semiconductor and bulk electrolyte. In many theories, and 

in many experimental measurements, the plot is linear. The use of Mott-Schottky plots to 

determine system properties such as flatband potential, doping density or Helmholtz 

capacitance. The equation used in the Mott-Schottky plot is: 
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Where C is the capacitance, ʁ is the dielectric constant of the semiconductor, 0ʁ is the permittivity 

of the free space, A is the working area and ND and NA are the donors and acceptors concentration 

respectively. E is the applied potential and Efb is the flat band potential, the potential drop 

associated with the space charge in the semiconductor once in contact with a solution. The value 

of the capacitance can be obtained from the imaginary part of impedance measurements: 
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Figure 66. Mott-Schottky plot of Cu2O from EIS analysis in 0.1M sodium acetate (pH7.85) in water in the dark. Figure 
ŦǊƻƳ tŀǊŀŎŎƘƛƴƻ !Φ Ŝǘ ŀƭΦΣ μ WΦ tƘȅǎΦ /ƘŜƳΦ / нлмнΣ ммсΣ топмҍторлΦ 
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In the Figure 66 is reported an example of a p-type semiconductor Cu2O at different frequencies. 

As reported a p-type semiconductor will show a negative slope in the 1/C2 vs E plot. Different 

information can be obtained from this type of plot: 

¶ The value of the slope gives the number of carriers in the semiconductor. 

¶ The intercept with the x-axes gives the flat band potential of the semiconductor.  
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2. Results and Discussion 
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This section is articulated in different chapters according to the different topics. Each chapter 

includes the experimental procedures for the preparation and characterization of electrodes and 

materials and the relevant experimental results. 

In all the preparations MilliQ® water (Millipore system k=18.2Mʍ) is used and all the 

measurements were carried out at atmospheric pressure. 

2.1 Cu2O Photoelectrodes 
The first chapter is devoted to the preparation of Cu2O photoelectrodes and their electrochemical 

characterization with classical techniques. The procedures involved in the deposition of the 

electrodes are the same for the XAS and FeOOH overlayer chapters if not declared differently. 

2.1.1 Cu2O Electrochemical Deposition 

In the introduction, different methods for the preparation of Cu2O were presented. Here, the 

electrochemical method was selected due to its large tunability and scalability allowing also 

preparing several electrodes in a reduced time. Moreover, to the best of our knowledge the so-

prepared semiconducting material shows high photocurrents, high degree of homogeneity and 

offers a large matrix of parameters that can be modulated in order to achieve better 

performances.  

The deposition occurs from the   an aqueous solution of 0.2M CuSO4, 0.5M K2HPO4 and 3M lactic 

acid, to which 2M aqueous KOH is slowly added until pH 12 is reached. The color of the solution 

changes from blue to turquoise (the formation of a foam-like precipitate will start at around pH 

9) and finally to deep dark blue without any solid particle. Further information and analysis on 

this deposition bath will be given during the Result and Discussion chapter. This electrodeposition 

bath for Cu2O was firstly reported by Golden56, and lately used by Paracchino57ς59 and many other 

author255,296,297 and allows to easily obtain Cu2O. The high pH is mandatory for preparing the p-

type Cu2O298,299. According to different authors58,300, working at low pHs the n-type is obtained, 

but the reason behind this outcome is still under discussion236. To avoid the precipitation of 

copper hydroxide at pH 12, the presence of lactic acid is mandatory. It is important to notice that 

CuSO4 is the only άhazardous materialέ in this synthesis, making this procedure as eco-friendly as 

possible. As presented in the introduction the use of this bath together with the use of 

electrochemical methods allows a wide control over the shape and morphology of the Cu2O. 

According to the original recipe, higher photocurrents are obtained under intensiostatic 

condition296,301 and at T º 30°C302. However, we obtained better results under potentiostatic 

conditions and at T º 60°C. In particular, the  potential control allows  to determine the grain size, 

shape and composition297,303,304 , while the higher temperature allows faster deposition  and 

higher final performances305. 

The so prepared bath is then used at 60°C in a sealed thermostatic cell. Sealing the cell is 

extremely important to avoid solution evaporation and changes in bath concentration during the 

deposition.  

Cu2O were electrodeposited in the unstirred bath at 0.55V vs RHE in a typical 3-electrode cell 

configuration. A Pt foil 1x2cm was used as counter electrode in front to the working one and at 

almost 1 cm.  
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This ensures the formation of a homogeneous layer of Cu2O due to the good current distribution. 

A Saturated Calomel Electrode (SCE) was used as reference (E = +0.248 mV VS NHE) in a KNO3 

0.5M double bridge configuration. The use of the double bridge avoids Cl- contamination in the 

deposition bath, thus avoiding Cl- doping of the material (leading to a possible n-type 

conductivity), and at the same time preserves the life of the SCE in the strong basic environment. 

All the potentials are anyway here referred to RHE electrode (ERHE = ESCE +0.059·pH + 0.248V). 

 

Figure 67. Electrochemical setup for the Cu2O (and Cu) deposition. A 3-electrode cell with thermostatic bath and 
magnetic stirring.  

Other methods, like thermal oxidation of Cu substrate treated in 0.125M (NH4)2S2O8 as chemical 

oxidant to obtain Cu(OH)2
46 and different electrochemical synthesis where also tested but, due 

to the low photocurrents, and inhomogeneities of the samples, were abandoned and not 

reported. 
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2.1.1.1 Deposition Bath 

To individuate the potential window for the electrodeposition, a series of CV experiments were 

performed at 10mVs-1 between 0.95 V vs RHE (close to the Cu2O Open Circuit Potential (OCP)) 

and hydrogen evolution reaction. In the first cycle, a first shoulder is observed at º0.4V vs RHE 

and two well defined peaks at -0.1 and -0.55 V vs RHE. According to the literature, the shoulder 

is to be referred to Cu2O deposition306 from free Cu2+ (according to the complexation equilibrium 

with lactate), while the two more negative peaks are related to the deposition of metallic copper.  

 

Figure 68. CV at a bare FTO working electrode in 0.2M CuSO4 + 0.5M K2HPO4 + 3M lactic acid at pH 12. Scan rate 
10mVs-1, Pt counter electrode, at 60° C. 

The peaks were assigned by comparing a series of experiments at different bath compositions: 

I. KOH pH 12 

II. K2HPO4 + KOH pH12 

III. K2HPO4 + KOH + lactic acid pH 12 

IV. K2HPO4 + KOH + lactic acid + CuSO4 pH 12 

This approach allowed also to test the potential stability window of the bath in the cathodic 

direction. 
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Figure 69. CV at a bare FTO in: I) KOH pH 12, II) 0.5M K2HPO4 + KOH pH12, III) 0.5M K2HPO4 + KOH + 3M lactic acid 
pH 12 and IV) 0.2M CuSO4 + 0.5M K2HPO4 + 3M lactic acid at pH 12 (addition of 2M KOH).  Scan rate 10mVs-1, Pt 
counter electrode. 

¢ƘŜ /±Ωǎ ŎƭŜŀǊƭȅ ǎƘƻǿ ǘƘŀǘ ƛƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ CuSO4, no peak  is recorded. This also excludes the 

reduction of lattic acid within this potential window.. The small shoulder just before HER in the 

presence of K2HPO4(II) and then lactic acid (III) is probably due to oxygen reduction and cannot 

be related to the much higher peak, recorded in presence of copper ions. In the presence of 

copper sulphate, the two large peaks are assigned to Cu deposition, by  two different processes, 

which correspond to different possible phenomena: 

i)  The deposition from free Cu2+ ions (0.00025M) and from the copper-lactate complex. 

ii)  Two different nucleation mechanisms. 

iii) Less likekly, the reduction of the already deposited Cu2O307, a possibility that is not supported 

by the peak charge integration. 

In summary, this solution is stable enough to be used for the depostion of  several electrodes (10 

Cu2O + 10 Cu),with the same good reproducibility. Indeed, the depostion of such an amount of 

material slightly modify the copper concentration in the bath. 
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On subsequent CV cycles, the potential of Cu(0) deposition peaks does not change while the Cu2O 

occurs at more positive potentials. This behaviour can be explained by considering that at bare 

FTO surface an induction potential is needed for the formation of the first grains of Cu2O. Once a 

first cycle is performed, this induction potential is not necessary because on the electrode are 

present some Cu2O and Cu deposited in the first cycle at more cathodic potential. 

 

Figure 70. Linear Sweep Voltammetry (LSV) comparison between Cu2O deposition peak on a FTO free surface (in 
black) and on a surface with some copper metal on it (red line). Is possible to notice the shift due to the higher energy 
required for grain formation. Scan rate 10mVs-1, Pt counter electrode. 

A preliminary material characterization was performed by Scanning Electron Microscopy (SEM) 

coupled with Energy Dispersive X-ray (EDX) analysis and X-ray diffraction of the prepared sample. 

To confirm the p-type conductivity of the material Electrochemical Impedance Spectroscopy (EIS) 

was used.  
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2.1.2 Cu2O Characterization 

2.1.2.1 SEM Analysis 

A sample of Cu2O was analysed to have structural and chemical information about the deposited 

material. SEM analysis and EDX analysis were performed with a Carl Zeiss Gemini Ultra 55. EDX 

analysis confirm the presence of Cu2O (Cu:O ratio equal to 2:1), while the SEM images are here 

reported at different magnification ratios. A clear crystalline structure is not found, and the 

obtained grains seems to have different sizes and shapes. The grain size varies between 50-200 

nm, showing a size much smaller than the one reported in the literature for the same type of 

electrode(i.e.1000-2000 nm57,308). Only Bijani et al.309 show a similar size. This is an interesting 

result because it suggests a larger real surface area for this material and thus a larger surface that 

can be light-activated. Moreover, a reduced size of the particles increases their stability310 and 

their photocatalytic efficiency by  changing the light scattering properties311. In addition, was 

possible to obtain this results within the use of surfactants or organic solvent likewise reported 

in different synthesis312. Moreover, despite the absence of a specific shape the electrodes 

performances are highly reproducible suggesting the low importance of this parameter in the 

final behaviour for HER. 

Figure 71. SEM images of a p-type Cu2O sample. Different magnifications were used: a) 1000x, b)2000x, c)5000x, 
d)10000x, e) 20000x, f)40000x, g) 80000x and h) 100000x. 




















































































































































































































































































































































































































































































