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Abstract 

The present PhD thesis, carried out at the Department of Physical Chemistry, at the 

University of Alicante, focuses on the development and improvement of hematite 

photoanodes and cupric oxide photocathodes for solar hydrogen production as well as on 

the development of a photoelectrochemical tandem device combining both a hematite 

photoanode and a cupric oxide photocathode. 

Since the industrial revolution, the energy consumption is continuously increasing due to 

the economic growth. This increase is linked with a rise in the consumption of fossil fuels 

(main source of energy until now), and thus, aggravating environmental issues such as 

climate change due to the emission of greenhouse gases i.e. CO2. Taking into 

consideration that the average power consumption is expected to reach values up to 36 

TW in 2050 (now, 15 TW), the urgent need for investigating energy sources capable of 

both supplying such power demand and being environmentally friendly is undeniable. 

In spite of the increase in the use of renewable energies to produce electricity, reaching a 

25 % in 2017, the use of fossil fuels will still be a necessity during the next decades due 

to the lack of infrastructure and efficient technologies in the context of renewable energies. 

Within the different types of renewable energy sources, solar energy holds by far the 

largest potential capacity. Each year, the amount of solar energy reaching our planet is 

about 105 TW, which implies that, even if only a small fraction of the solar energy could be 

harvested (up to 3 %), it should be enough to satisfy the predicted energy demand in 2050. 

Therefore, the possibility of harnessing solar energy is of great interest. In this respect, 

artificial photosynthesis is a promising technology not only to harvest solar energy, but 

also as a means of storage by producing energy-rich chemical fuels such as H2, CH4 or 

CH3OH. Among these environmentally friendly fuels, hydrogen presents several 
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advantages compared to methane or methanol, including its high energy density, and its 

carbon-free combustion. It is important to highlight that the main raw material for hydrogen 

generation by photoelectrolysis is water, abundant and affordable.  

The work of Fujishima and Honda in 1972 was the first photoelectrochemical device for 

splitting water into O2 and H2. In that case, the device was comprised of a TiO2 photoanode 

for the generation of oxygen and a Pt counter electrode at which the hydrogen evolution 

took place: 

               H2O (l)
hυ
→ H2 (g) + 

1

2
O2 (g)      ΔG298 K

0
=237 kJ mol

-1
 

After having passed almost 50 years and despite of the efforts of the scientific community, 

direct solar water splitting is still under intense research since no competitive system has 

been found yet. One of the most promising devices for solar water splitting are 

photoelectrochemical tandem cells. The main components of these devices are 

semiconductor light absorbing photoelectrodes. The principal characteristics that 

semiconductor materials should have to be suitable as photoelectrodes are: 

▪ Visible light absorption 

▪ High chemical stability (both in the dark and under illumination) 

▪ Favorable band edge positions for oxidation/reduction of water  

▪ Efficient charge transport 

▪ Low overpotentials for oxidation/reduction of water 

▪ Low cost 

The spectral region in which the semiconductor material absorbs light is determined by its 

band gap. A minimum band gap of 1.9 eV is required in order to overcome the 

thermodynamic and kinetic barriers associated to photoelectrochemical water splitting. 

Additionally, below 400 nm the intensity of sunlight drastically decreases, for instance, the 
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optimum value of the band gap for solar water splitting with one material should be located 

somewhere between 1.9 and 3.1 eV, which corresponds to the visible range of the solar 

spectrum. 

Among the characteristics that semiconductors should meet in order to be employed as 

photoelectrodes, stability plays an important role because it limits the usefulness of many 

photoactive materials. Since most non-oxide semiconductors are unstable, oxide 

semiconductors are commonly used. 

Only a few semiconductors fulfill the band edge position requirements, and, unfortunately, 

they have too wide band gaps or they are unstable in aqueous solutions. For the time 

being, a single semiconductor material that meets all these requirements has not been 

found yet. Instead, a tandem cell combining semiconductors with complementary light 

absorption presents several advantages, including an increase in the efficiency of the 

process. Additionally, in this way the choice of materials is simplified because the 

requirements are less strict. These devices are composed of a photocathode, where the 

solar hydrogen is generated, and a photoanode where the photooxidation of water occurs. 

Within all the possible candidates for water splitting, hematite has been extensively studied 

as a photoanode because of its abundancy, high stability and favorable band gap. 

However, hematite presents several drawbacks (high recombination rate, low carrier 

mobility and low charge carrier efficiency) that have to be addressed in order to use it in a 

practical device. 

On the other hand, cupric oxide is postulated to be a promising candidate as a 

photocathode due to its narrow band gap, low toxicity and low cost. Unfortunately, cupric 

oxide presents a major drawback related to its instability against photocorrosion in 

aqueous solutions. 

For all the reasons mentioned above, the present PhD has the following objectives: 
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▪ Synthesize oxide semiconductor electrodes specifically hematite and cupric oxide 

by chemical bath deposition and electrodeposition respectively, for their application 

in photoelectrochemical devices. 

▪ Characterize the materials synthesized by means of spectroscopy, microscopy and 

diffraction techniques such as UV-vis spectroscopy, X-ray photoelectron 

spectroscopy, Raman spectroscopy, scanning electron microscopy, transmission 

electron microscopy and X-ray diffraction. 

▪ Photoelectrochemically characterize the materials synthesized in order to quantify 

both their photoactivity in respects to hydrogen/oxygen generation and their 

stability. For these purposes, techniques such as cyclic voltammetry, linear sweep 

voltammetry, chronopotentiometry, chronoamperometry and impedance 

measurements were used. 

▪ Study different strategies to improve charge transfer, limit recombination and 

increase efficiency for oxygen evolution in hematite by means of doping, surface 

modification or morphological change. 

▪ Study different strategies to overcome the instability against photocorrosion, and 

thus, to improve the efficiency of solar hydrogen generation in cupric oxide 

electrodes by forming a protective layer or by passivating the active sites for copper 

reduction. 

▪  Develop a photoelectrochemical tandem cell using hematite and cupric oxide as 

photoelectodes and study the incorporation of a polymer electrolyte membrane. 

The experimental methods, as well as the results and main conclusions drawn are 

discussed in detail in eight chapters closely related. The first chapter focuses on the basic 

principles of semiconductors and the state of the art of the materials employed along this 

thesis. Chapter 2 describes the methodologies employed and techniques used along this 

thesis. Chapters from 3 to 8 inclusive, describe the achievement of the objectives 1 to 3. 
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Chapters 3, 4 and 5 focus on the 4th objective, while chapters 6 and 8 focus on the 5th 

objective. Finally, the last objective is completely developed in chapter 7. Chapters 3-7 

have been published in indexed journals, whereas the results reported in chapter 8 will be 

submitted for publication in the near future. 

In the following a brief description of each of the chapters is given. 

CHAPTER 1. General Introduction 

The first chapter of the present thesis focuses on the environmental challenge caused by 

the excessive emission of green-house gases such as CO2 from the combustion of fossil 

fuels. The evolution of the employment of renewable energy sources is analyzed, paying 

special attention to solar energy. Only harvesting a small fraction of the solar energy, the 

predicted energy demand for the near future will be satisfied.  

Focusing on solar energy, new methodologies free of carbon emissions are reviewed in 

this chapter. Among them, artificial photosynthesis to generate solar hydrogen is 

postulated as one of the most promising techniques. For that purpose, semiconductor 

materials, such as light absorbers, appear to constitute the main component of the 

devices. In this regard, a brief review of the semiconductors properties is given. 

Additionally, the advances found in the literature for hematite and cupric oxide as 

photoanode and photocathode, respectively, are gathered in this chapter together with 

their properties. 

Finally, some techniques for water splitting are compared such as photovoltaic-

photoelectrochemical devices, photovoltaic-electrolyzer devices, and 

photoelectrochemical tandem cells, pointing out their advantages and drawbacks. 
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CHAPTER 2. Experimental Methods 

The second chapter focuses in the detailed description of each technique employed along 

this thesis, including synthesis and modification methodologies, as well as methodologies 

for photoelectrochemical and structural characterization.  

It starts with the procedure employed to synthesize hematite and cupric oxide 

photoelectrodes, giving details about conditions and reactants employed. For the hematite 

synthesis, a chemical bath deposition followed with a thermal treatment were applied. 

Three different methodologies for modifying hematite were carried out, including drop 

casting, precursor-modifier addition in the chemical bath as well as adding the precursor 

by spraying.  

Regarding cupric oxide, the synthesis consisted in electrodeposition followed by chemical 

oxidation, and finally thermal treatment. To protect cupric oxide against photocorrosion 

two methodologies were studied: modification by drop casting and adsorption. 

The devices employed to photoelectrochemically characterize the materials are also 

described in chapter 2, including a three-electrode cell, a tandem device and the different 

illumination sources employed. Techniques such as cyclic voltammetry, linear sweep 

voltammetry, chronoamperometry, chronopotentiometry and electrochemical impedance 

spectroscopies are briefly described. 

Regarding sample characterization, UV-vis spectroscopy, X-ray photoelectronic 

spectroscopy, Raman spectroscopy, X-ray diffraction, scanning electron microscopy and 

transmission electron microscopy were employed and are described in chapter 2. 

Finally, a brief description of gas chromatography is given since it was used to analyze the 

solar hydrogen generated employing cupric oxide as a photocathode. 
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CHAPTER 3. Hematite Nanorod Electrodes Modified with Molybdenum: 

Photoelectrochemical Studies 

The preparation of hematite nanorod electrodes modified with molybdenum and their 

photoelectrochemical behavior for water photooxidation are reported in this chapter. The 

hematite nanorods were synthesized by chemical bath deposition. The modification with 

molybdenum was carried out by means of drop casting of a solution containing ammonium 

heptamolybdate as Mo-precursor. In this regard, two variants were compared: (i) adding 

in one step the desired amount of molybdenum, and (ii) adding in multiple steps a fixed 

amount of molybdenum until reaching the desired amount. Techniques such as FE-SEM, 

TEM, XRD and XPS were employed for electrode (both pristine and modified) structural 

and morphological characterization. The reported results reveal that the employed 

methodology for modifying with molybdenum does not cause significant changes in 

hematite structure and nanorod morphology. Importantly, the modification with Mo triggers 

a significant improvement in photoactivity, obtaining photocurrent multiplied by a factor of 

43. Moreover, after having made a Mott-Schottky analysis, it is clear that this modification 

leads to an increase in electron concentration. However, a shift in the photo-onset to more 

positive values was observed. It is worth noting that, according to the results, molybdenum 

not only acts as a dopant increasing electron concentration, but also acts as a passivating 

agent of surface states. It is important to highlight that this modification allows precise 

control of the amount of Mo incorporated in the samples. 

CHAPTER 4. Photoelectrochemical Behavior of Molybdenum-modified 

Nanoparticulate Hematite Electrodes 

The preparation of molybdenum-modified hematite electrodes by means of chemical bath 

deposition and their photoelectrochemical behavior toward water photooxidation are 

reported in chapter 4. In this case, the molybdenum precursor was added in the chemical 

bath precursor of hematite. The addition of molybdenum induces a remarkable change of 

morphology in the resulting film from (110) oriented nanorods to polyhedral nanoparticles. 
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Additionally a slowdown in the growth rate was observed, obtaining thinner films. Despite 

the resulting loss of order, by controlling the Mo/Fe molar ratio in the bath solution, a 

significant improvement of the water oxidation photocurrent is achieved compared to 

nanorod pristine hematite electrodes. Such a photoelectrochemical enhancement is 

mainly explained by an effective surface state passivation due to the formation of a Mo-

rich film as well as the improvement of hole transport to the interface and transfer to 

solution linked to the smaller particle size. 

Comparing to previously reported Mo-modified hematite, the experimental procedure 

uncovered herein is simpler, more reproducible, lower cost and more easily scalable. 

Additionally, this methodology could be employed to produce ultra-thin large-area 

photoanodes for water oxidation by controlling only the amount of the Mo precursor added 

to the bath. However, the resulting photocurrents for water oxidation do not exceed those 

obtained by the impregnation methodology reported in chapter 3. 

This work shows for the first time the incorporation into hematite of a metal from its anionic 

form in the bath.  

CHAPTER 5. Ytterbium Modification of Pristine and Molybdenum-modified Hematite 

Electrodes as a Strategy for Efficient Water Splitting Photoanodes 

A new and simple methodology to passivate hematite photoanodes with ytterbium oxide 

is reported in chapter 5. The hematite electrodes were synthesized by means of chemical 

bath method followed by its correspondent thermal treatment. The introduction of ytterbium 

was carried out through drop casting. FE-SEM, XRD and XPS were employed to 

characterize the electrode both structurally and morphologically. The reported results 

reveal that the impregnation method does not cause apparent changes in the hematite 

structure and morphology, retaining the nanorod structure. Importantly, the ytterbium 

addition yields a significant improvement in the photocurrent (14x at 1.23 V vs. RHE) 

without altering significantly the photo-onset. The obtained results suggest that ytterbium 
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induces the formation of a passivating layer, pointing to the fact that other lanthanide 

oxides would behave similarly.  

A study of a bifunctional modification of hematite employing ytterbium and molybdenum 

was also carried out. It reveals that the photocurrent obtained by employing both strategies 

increases with respect to that obtained with the application of only one of the procedures. 

Importantly, the order in which modification is done greatly affects the final electrode 

performance. Understandably, the best results are obtained when Mo is introduced prior 

to Yb, leading to a synergetic effect in the sense that the resulting photocurrent is larger 

than the sum of the photocurrents obtained through the application of a single modifier. 

CHAPTER 6. Improving the Stability and Efficiency of CuO Photocathodes for Solar 

Hydrogen Production through Modification with Iron 

This chapter focuses on the employment of cupric oxide (CuO) as a photocathode. Cupric 

oxide is considered as a promising photocathode material for photo(electro)chemical water 

splitting because of its suitable band gap, low cost related to a relatively high copper earth 

abundancy, and straightforward fabrication. The main challenge for the development of 

practical CuO-based photocathodes for solar hydrogen evolution is to enhance its stability 

against photocorrosion. 

In this work, stable and efficient CuO photocathodes have been developed by using a 

simple and cost-effective methodology. CuO films, composed of nanowires and prepared 

by chemical oxidation of electrodeposited Cu, develop relatively high photocurrents. 

However, this photocurrent appears to be partly associated with photocorrosion of CuO. It 

is significant though that, even unprotected, a Faradaic efficiency for hydrogen evolution 

of ∼45% is attained. The incorporation of iron through an impregnation method, followed 

by a high-temperature thermal treatment for promoting the external phase transition of the 

nanowires from CuO to ternary copper iron oxide, was found to provide an improved 

stability at the expense of photocurrent, which decreases to about one-third of its initial 
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value. In contrast, a Faradaic efficiency for hydrogen evolution of∼100% is achieved even 

in the absence of co-catalysts, which is ascribable to the favorable band positions of CuO 

and the iron copper ternary oxide in the core−shell structure of the nanowires. 

From a practical perspective, the methods reported in this chapter for electrode 

preparation and modification are cost-effective and have good scalability. 

CHAPTER 7. Toward Tandem Solar Cells for Water Splitting Using Polymer 

Electrolytes 

Taking into account that one of the most important drawbacks in the development of a 

device which combines a photocathode and a photoanode (photoelectrochemical tandem 

cell) is the long-term stability of the materials against photocorrosion, in this chapter an 

alternative electrolyte for minimizing this challenge is reported.  

This chapter focuses on the development of a tandem cell based on a hematite 

photoanode and a cupric oxide photocathode: concretely hematite modified with 

phosphorus and cupric oxide modified with iron (chapter 6) with the employment of an 

alkaline polymer membrane as electrolyte instead of the typical acid or basic liquid 

electrolytes. 

It has been demonstrated that such a photoelectrochemical tandem cell works even in the 

absence of bias, although significant effort should be directed to the optimization of the 

photoelectrode/PEM interface. In addition, the results reveal that the employment of 

polymer electrolytes increases the stability of the device, especially in the case of the 

photocathode. 

The research corresponding to this chapter was carried out at Instituto di Tecnologie 

Avanzate per l’Energia “Nicola Giordano”, ITAE in Messina, Italy during the first research 

stay supervised by A. S. Aricò. 
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CHAPTER 8. Cupric Oxide Nanowires Stabilized by Modification with Aluminum 

As mentioned above, the main challenge for the development of practical CuO 

photocathodes is to enhance their stability against photocorrosion, and thus increasing the 

efficiency of solar hydrogen evolution.  

In chapter 8, stable CuO nanowire photocathodes have been synthesized by employing 

two simple and cost-effective methodologies. After having prepared CuO nanowires by 

electrodeposition followed by a chemical oxidation step, the electrodes were modified 

following two different strategies: (i) adsorption of aluminum from an aluminum 

acetylacetonate solution or (ii) drop-casting of a solution containing aluminum nitrate as 

Al-precursor. In both cases, a thermal treatment was applied after the incorporation of 

aluminum. These modifications improved the stability at the expense of photocurrent, 

which decreased. The stability of CuO NWs has been enhanced from 2 % up to 80 % after 

almost 20 min of continuous illumination at -0.4 V vs. Ag/AgCl. 

Finally, an analogous study was carried out employing a gallium precursor instead of 

aluminum. 
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1.1 Energy and environmental challenge 

Since the beginning of the Industrial Revolution, the global energy consumption for 

economic development and growth has been continuously increasing, supplied mainly by 

coal, oil and natural gases. Unfortunately, this consumption is linked to the generation of 

huge amounts of CO2, the main responsible for ecological problems such as the 

greenhouse effect. As shown in Figure 1.1, the global amount in Mt CO2 gas emitted to 

the atmosphere from fuel combustion keeps on growing. Strikingly, and focusing on the 

behavior of the last 10 years in Europe (and specially in Spain), a decrease followed by a 

period of stability of the CO2 emission is observed. This is linked to weak economic growth 

due to the European Economic crisis, which particularly affected Spain. However, after 

three years of stagnation, global CO2 emissions grew again by 2.1 % in 2017. 

 

Figure 1.1. Trend of the CO2 emissions from 1990 to 2017. Global emissions are shown in yellow, being in 
orange the European contribution. The contribution of Spain to the global emissions is shown in blue, linked 
to the right axis. Data obtained from [1].  

 Because of the rapid population growth, as well as the increase in energy consumption 

per capita, the energy demand is also growing extremely fast, as shown in Figure 1.2. 

According to recently published data, the world primary energy consumption grew by 2.2 
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% in 2017, the fastest growth since 2013.[2] For this reason, it is extremely important to 

look for sustainable and renewable energy sources in order to replace the commonly used 

fossil fuels. The employment of clean and widely available energy sources is not only 

because of the purpose of supplying energy for the economic global growth, but also for 

reducing the anthropogenic impact on the environment.  

 

Figure 1.2. Global energy consumption from 1850 to 2017. Data represent primary energy consumption. Other 
renewables represent all renewable sources excluding solar, wind and hydropower (i.e. geothermal, wave and 
tidal, and modern biofuels). The inset shows the % in electricity production in 2017. Data obtained from [2-5]. 

Despite the substantial efforts made in the last decades, there is still a lot of work ahead. 

Since the end of 2000s, the share of renewable energy sources has been rising quickly, 

growing by nearly 1 % in 2017, reaching almost 25 %. Among the renewable energy 

sources, wind and solar are gaining momentum, not only because of the encouragement 

by ambitious climate policies in the European Union, the United States, China, India, 

Japan and Australia, but also because of the dramatic fall in development costs over the 

years, enabling developing countries to expand their renewable capacities. [5] It is expected 

that from 2050, renewable energies will account for the greater proportion of energy 

production, turning around the percentages shown in Figure 1.2. However, energy 

production from fossil fuels will remain a necessity over the next decades because of the 
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lack of infrastructures and efficient technologies for the economically competitive 

harvesting of renewable energy sources. 

Within the different types of renewable energy sources, solar energy holds by far the 

largest potential capacity. Each year, the amount of solar energy reaching our planet is 

about 100·103 TW. Taking into account that the yearly average power consumption is 15 

TW, predicted to increase up to 36 TW in 2050, even if only a fraction of the solar energy 

could be harvested, it should be enough to satisfy the predicted energy demand. [6,7] 

Therefore, the possibility of harnessing solar energy is of great interest. In this respect, 

artificial photosynthesis is a promising technology not only to harvest solar energy, but 

also as a means of storage by producing energy-rich chemical fuels such as hydrocarbons 

from CO2 or H2 from water. Among the different chemical fuels, hydrogen exhibits 3-fold 

higher mass energy density compared to gasoline and can be used either through direct 

combustion or in hydrogen fuel cells.[7] Additionally, when it is burned or used to power a 

fuel cell, hydrogen produces zero emissions besides water vapor. Due to these 

advantages, hydrogen is widely seen as the future fuel in replacement of fossil fuels. [8,9] 

However, it remains a significant challenge to construct an efficient and stable solar-to-

hydrogen (STH) energy conversion device. 

Water electrolysis using solar energy is one of the most widely studied techniques as a 

potential commercial source of hydrogen.[10] It is particularly interesting due to the 

abundancy and low-cost of the raw material, water. Two different system configurations 

for solar-driven water electrolysis stand out: (i) photovoltaics electrolysis (PV-E), which 

consists of independent photovoltaic modules that drive separate electrolyzer units; and 

(ii) photoelectrochemical (PEC) water splitting comprised by a single, fully integrated unit 

able to absorb sunlight and produce hydrogen and oxygen. In order to achieve significant 

impact on the worldwide supply of energy, these technologies must necessarily be efficient 

and competitive within the economic realities of the marketplace.[11] Even though water 

splitting devices have recently been reported to obtain an STH efficiency of 30 % by 



Chapter 1 
 

 52 

coupling a photovoltaic cell and an electrolyzer (concretely two polymer electrolyte 

membrane electrolizers in series with one InGaP/GaAs/GaInNAsSb triple-junction solar 

cell),[12] research focuses now among others, on the development of direct low-cost, highly 

stable water splitting using PEC cells based on semiconductor materials. A lower 

overpotential is required in PEC water splitting and the requirements involve much simpler 

and space-saving design with fewer components.[7]  

This chapter emphasizes the fundamental aspects of PEC water splitting, first providing 

semiconductor physics and electrochemistry overview, followed by a brief description of 

the semiconductor materials employed along this thesis. Finally, a summary on PEC 

devices is included. 

1.2 Semiconductor electrochemistry 

The main components of PEC water splitting devices are the semiconductor light absorber 

photoelectrodes and the electrolyte. In this section, the basic properties of semiconductors 

will be discussed, followed by a description of the semiconductor-electrolyte interface. 

Materials can be classified according to their conductivity in three main groups: insulating 

(< 10-10 Ω-1·cm-1), semiconductors (10-10-104 Ω-1·cm-1), and metals (104-106 Ω-1·cm-1).[13] In 

a solid (consisting of N equal atoms), the molecular orbitals can be considered as a linear 

combination of atomic orbitals. Since the low energy difference between neighbouring 

energetic levels, instead of having discrete energy levels, they form a continuous band of 

energies. Figure 1.3 shows a scheme of the band structure for metals, semiconductors 

and insulators. The filled band highest energy is called valence band (VB), while the lowest 

empty band is known as conduction band (CB). The energies associated with the top edge 

of the VB and bottom edge of the CB are denoted by εVB and εCB, respectively. The energy 

difference between both edges is the band gap energy (εg). 
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Figure 1.3. Scheme of the band theory for metals, semiconductors and insulators. εCB and εVB are the 
conduction and valence band edge energies respectively, εg is the band gap energy and εF is the Fermi level 
energy. 

A crucial factor for conductivity relies on where the electrons are located. In the case of 

metals, the conduction band overlaps with the valence band, which is filled of electrons. 

This overlap allows the electrons to move along the solid, which has a high electronic 

conductivity. In general, the conductivity in metals occurs due to the overlap mentioned, 

however, there are particular cases in which the valence band is partially filled, which also 

allows the electrons to move along the solid, and thus, producing electronic conductivity. 

In contrast, when the valence band and the conduction band are separated, the electrons 

cannot move even in the presence of an intense electric field, and thus, the solid is an 

insulator. If the difference of energy between band edges (εg) is not extremely large, some 

electrons can be promoted from the VB to the CB by means of thermal excitation or light 

absorption, being the material a semiconductor. The value of the band gap is, perhaps, 

the most important feature since it directly affects the solid electronic properties.  

Excitation (thermal or by light absorption) of the semiconductor materials results in the 

promotion of electrons from the valence to the conduction band, generating a hole on the 

valence band per electron promoted to conduction band. Similarly to electrons, holes can 

act as charge carriers. Unlike in metals, in semiconductors, the general term of charge 

carrier refers to either electrons or holes. 
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Since pristine semiconductor materials called intrinsic semiconductors, exhibit poor 

conductivity when ɛg is relatively large, they are usually doped with impurity atoms that 

behave as either electron donors or acceptors. In such a case, they are termed as extrinsic 

semiconductors. As exemplified in Figure 1.4, the donor-doped semiconductor 

(phosphorus in Si in the example) have impurity atoms with a larger number of valence 

electrons than the atoms of the host material, resulting in an electron enrichment in the 

CB, the resulting material is called n-type. On the contrary, if the impurity atoms have lower 

valence electron than the host atom (i.e. boron in Si), it results in hole-enrichment 

semiconductor (p-type). Whereas in n-type semiconductor material the majority carrier are 

electrons, for p-type semiconductors these are the holes. 

 

Figure 1.4. Schematic bond representation for (a) intrinsic silicon, (b) n-type silicon (doped with phosphorus), 
and (c) p-type silicon (doped with boron).  

For intrinsic semiconductors,[14] by considering the Boltzmann approximation the density 

of electrons (n) and holes (p) are respectively given by the following expressions: 

 n = NCB exp (−
εCB-ԑF

kT
) 1.1 

 p = NVB exp (
εVB-ԑF

kT
) 1.2 

where NCB and NVB are the effective densities of states (bottom of the conduction band 

and top of the valence band respectively), εF is the Fermi level, k is the Boltzmann constant 

and T is the absolute temperature. 
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As both electron and hole densities are equal to preserve charge neutrality in intrinsic 

semiconductors, n=p=ni should be fulfilled: 

 n p = ni
2 = NVBN

CB
exp (

εVB-ԑCB

kT
) =  

 = NVBNCBexp (-
ԑg

kT
) 1.3 

ni is known as the intrinsic density of charge carriers (electrons or holes). The Fermi level 

position can be obtained by combining Equations 1.1 and 1.2: 

 ԑF = 
εVB+ԑCB

2
 + 

kT

2
 ln

NVB

NCB

 1.4 

In the case of extrinsic semiconductors,[13,14] the density of charge carriers depends on the 

amount of impurities introduced. The introduction of donor (D) or acceptor (A) species can 

alter the electronic structure and thus, the Fermi level. For n-type, n≈ND and p≈ni while for 

p-type semiconductor p≈NA and n≈ni, and thus, the Equation 1.4 can be re-written as: 

 ԑF = εCB - kT ln
NCB

ND

=εVB + kT ln
NVB

NA

                  1.5 

Figure 1.5 illustrates the band structure of the different semiconductor materials. As 

shown, and according to Equation 1.5, the Fermi level is located either in the proximity of 

the conduction band edge in n-type materials or close to the valence band edge in p-type 

materials, and in both cases within the band gap. 

 

Figure 1.5. Band structure for an (i) intrinsic semiconductor; (ii) and (iii) p-type and n-type extrinsic 
semiconductors respectively. ԑA and ԑD are the energy levels of donor (D) or acceptor (A) impurities. 
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1.2.1 The electrical double layer  

The analysis of the simplest electrochemical system (metal in contact with an electrolyte 

solution with high ion concentration) should include the effect of the electrical field on the 

permittivity of the solvent, its structure and the electrolyte ion concentrations in the vicinity 

of the interface. Because of the extremely difficulties in the solution of this problem, 

simplified models must be employed: the electrical double layer is divided in three regions, 

which interacts only electrostatically, i.e. the electrode itself, the compact layer and the 

diffuse layer.[15]  

The double layer formation has considerable consequences for charge and potential 

distribution across the interface. In the simplest case of a metal electrode, the charges 

(positive or negative, depending on the nature ion from the solvent specifically adsorbed 

at the electrode surface) are located at the metal inner surface. In the following, a brief 

overview of the double layer formation using a metal electrode is described.  

The compact layer or Helmholtz layer involves the space between the surface and the 

outer Hemholtz plane (OHP). In the absence of specific adsorption, the surface of the 

metal electrode is covered by a monomolecular solvent layer. However, assuming that 

cations are specifically adsorbed at the electrode surface, the equivalent negative counter 

charge is located at the metal surface, as depicted in Figure 1.6. This charge separation 

causes a corresponding potential drop ΔϕH across the interface. This potential is partly 

determined by the specifically adsorbed ions and, additionally, by the solvated ions. Thus, 

two regions can be distinguished in the Helmholtz layer: (i) one between the surface and 

the inner Helmholtz plane (IHP), which comprises the surface electrode atoms, the ionic 

species adsorbed at the solid surface and solvent molecules, and (ii) the other between 

the IHP and the outer Helmholtz plane (OHP), formed due to electrostatic forces where 

solvated ions of opposite charge to that at the surface electrode are present.[16] It is 

important to highlight that the thickness is almost constant independently of the nature of 
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the solid, being approximately 1.5-2 times the thickness of a monomolecular water layer 

(0.3-0.5 nm).[17]  

 

Figure 1.6. Model for the double layer region at the metal-electrolyte interface. 

Regarding the diffuse layer, also known as Gouy-Chapman layer, it appears beyond the 

OHP, where a net charge density persists. In this region, the charges near the interface 

are distributed over a diffuse layer due to low ion concentrations. The contribution of the 

diffuse layer to the overall potential drop (ΔϕGC) across the interface cannot be neglected 

for electrolyte concentrations below 10-3 mol L-1. However, in semiconductor 

electrochemistry, the contribution of the diffuse double layer is commonly neglected by 

using electrolytes with concentrations above 10-2 mol L-1, in order to simplify the 

analysis.[16]  

In contrast to the case of metals, the carrier density in the case of a semiconductor material 

is much smaller. Accordingly, the charge in the solid is distributed over a certain range 
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below the surface as shown in Figure 1.7, appearing a characteristic layer: the space 

charge region (SCR). 

 

Figure 1.7. Model for the double layer region at the semiconductor-electrolyte interface. 

Considering a high enough electrolyte concentration, the contribution of the diffuse layer 

can be neglected, and thus, the capacitance of the interface semiconductor-electrolyte 

only depends on the space charge region and the Helmholtz layer: 

 
1

C
=

1

CSCR

+
1

CH

 1.6 

The resulting potential and charge distribution within the space charge region is 

quantitatively described by the Poisson equation, which relates potential with net charge 

density (ρ(x)) as follow: 

 
d

2
ϕ

SCR

dx2
 = - 

ρ(x)

ԑԑ0

 
1.7 

where the charge density as an implicit function of the distance from the surface (x) can 

be expressed as: 
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 ρ(x) = e { ND - NA - n(x) + p(x) } 1.8 

Where e is the elementary charge. Since the Fermi level is expected to be constant within 

the space charge region (at equilibrium), the position of the energy bands (ԑCB and ԑVB) 

vary with distance. Taking into account equations 1.1 and 1.2, the electron and hole 

densities, n(x) and p(x) respectively are given by: 

 n(x) = nb exp (- 
ԑCB(x) - ԑCB

b

kT
) = nb exp (- 

eΔϕ
SCR

(x)

kT
)   1.9 

 p(x) = p
b
 exp (

ԑVB(x)-ԑVB
b

kT
) = p

b
 exp (

eΔϕ
SCR

(x)

kT
)    1.10 

where b refers to the bulk. The potential drop in the space charge region is defined as 

Equation 1.11 and represents the band bending: 

 ΔϕSCR=ϕSC-ϕs 
1.11 

where s refers to the semiconductor surface. Analogously, the electron and hole densities 

at the surface are defined by Equations 1.12 and 1.13: 

 
   ns=  nb exp (-

ԑCB
s -ԑCB

b

kT
) =nb exp (-

eΔϕ
SCR

kT
)     1.12 

 
   p

s
=  p

b
 exp (

ԑVB
s -ԑVB

b

kT
) =p

b
exp (

eΔϕ
SCR

kT
)     1.13 

Focusing on an n-type semiconductor, and considering that the hole density is negligible 

compared to that of electrons (n(x)>>p(x)), the potential within the space charge region is 

given by:[18]  

 
d

2
ϕ

SCR

dx2
= -

e

ɛɛ0

(ND-n(x))= -
e

ɛɛ0

{ND- n exp (-
eΔϕ

SCR

kT
)} 1.14 

Applying the considerations deduced in section 1.2 which imply that for an n-type material 

n ≈ ND, the above expression simplifies to: 

 
d

2
ϕ

SCR

dx2
= -

e ND

ɛɛ0

{1- exp (-
eΔϕ

SCR

kT
)} 1.15 



Chapter 1 
 

 60 

The analytical solution to this equation leads to the Mott-Schottky equation, which 

connects the differential capacitance to the potential drop across the space charge layer, 

ΔϕSCR: 

 
1

CSCR
2

=
2

eɛɛ0ND

(Δϕ
SCR

-
kT

e
) 1.16 

Analogously, the Mott-Schottky equation can be re-written for a p-type material as: 

 
1

CSCR
2

= -
2

eɛɛ0NA

(Δϕ
SCR

-
kT

e
) 1.17 

Considering the space charge region as an ideal parallel plate capacitor, its thickness can 

be easily calculated according to LSCR = ɛɛ0/CSCR. From the Mott-Schottky equations for 

the capacitance for both p- and n-type materials, one may obtain: 

 LSCR= (
2ɛɛ0

eNA,D

|Δϕ
SCR

-
kT

e
|)

1/2

 1.18 

Equation 1.18 can be applied for both n-type and p-type semiconductors. 

1.2.2 Semiconductor band-bending 

When a semiconductor material (with a Fermi level ɛF) is immersed into an electrolyte 

containing a redox couple (with the Fermi energy for the redox couple denoted by ɛF,redox), 

the electrochemical potential for electrons is initially different from side to side of the 

interface. The equilibration of the contacting phases requires a charge transfer between 

them, and thus, a band-bending takes place within the semiconductor at the interfacial 

region.[7,19] After equilibration, the electrochemical potential is the same everywhere, as 

shown in Figure 1.8. 
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Figure 1.8. Band diagrams inmediately upon contact and once equilibrium is attained for (a) n-type 
semiconductor and (b) p-type semiconductor in the dark containing a redox couple in an electrolyte. 

Focusing on n-type semiconductor (Figure 1.8a), its Fermi level is typically higher than that 

corresponding to the redox couple. Having brought both media in contact, free carriers 

from the semiconductor (in n-type, electrons) are transferred to the electrolyte until ɛF and 

ɛF,redox are equal. As a consequence, an electron depletion occurs in the space charge 

region, resulting in bands bend upward. Analogously, on p-type semiconductors, the Fermi 

level is usually located at lower energy values than that corresponding to the redox couple 

present in the electrolyte. On the contrary, in this case, the holes are transferred from the 

semiconductor to the electrolyte, causing the bands to bend downward in the space charge 

region, as depicted in Figure 1.8b. 

1.2.3 Surface states  

In a pristine semiconductor, surface states may exist due to the abrupt termination of the 

lattice periodicity at the solid surface. For intrinsic (undoped) semiconductor materials, the 

valence band is completely filled with electrons while the conduction band is empty. Thus, 
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the Fermi level (ɛF) of the semiconductor is located close to the middle of the band gap. If 

the level of the surface state (ɛSS) is assumed to be in the middle of the band gap, as the 

Fermi level of the semiconductor and the Fermi level of the surface state have the same 

value, there would be no net charge transfer between the bulk and the surface, and thus, 

the bands are flat, as shown in Figure 1.9a.[7]  

 

Figure 1.9. Schematic illustration of surface-state induced band bending of (a) intrinsic semiconductor; (b) and 
(c) non-equilibrium and equilibrium between the bulk and surface for an n-type and p-type semiconductor 
respectively. 

On the contrary, for doped semiconductors, the Fermi level at the surface shifts close to 

the CB or VB edges for n-type or p-type semiconductors, respectively. Due to the energy 

difference, the majority charge carrier will flow from the bulk to the surface state until the 

Fermi levels of the semiconductor and the surface states become aligned (in equilibrium), 

resulting in an upward band bending or downward band bending (depletion region) for n-

type and p-type semiconductor materials, respectively. Obviously, the surface states will 

be determined by the atomic structure of the semiconductor surface. Consequently, the 

surface-state-induced band bending may be different on the same semiconductor with a 
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different surface structure. Band bending induced by surface state is schematically 

depicted in Figure 1.9b and c. 

It is important to highlight that the presence of surface states can result in surface trapping 

centres for electrons or holes, creating a surface charge density, which necessarily 

produces a density opposite in sign in the semiconductor bulk. This situation can alter the 

properties of the semiconductor.  

Obviously, surface states will be determined by the atomic structure of the semiconductor 

surface. Consequently, the surface-state-induced band bending may be different on the 

same semiconductor with a different surface structure, making more complex situations.  

Moreover, the presence of surface states between the band gap can lead into substantial 

changes in the kinetics of charge transfer processes, mainly affecting the 

photoelectrochemical response since they can act as (i) recombination centres, (ii) 

mediators in charge transfer processes and (iii) factor controlling surface charge and band 

bending. 

1.2.4 Applied Bias  

After having considered the equilibrium between the semiconductor material and the redox 

couple in the electrolyte, in this section the effect of applying a potential between the 

working electrode and a reference electrode will be described. [13,20,21] To simplify, the 

presence of surface states will not be considered. 

In n-type materials under equilibrium conditions, no net current flows across the interface 

(Figure 1.8a). Considering CSCR << CH, the potential drop across the Helmholtz region 

(and, by extension across the diffuse layer) remains unaltered, establishing that the edges 

of the bands are pinned at the surface.[13] This situation is known as Band Edge Pinning 

(BEP). Two situations can occur after applying a bias: (i) Eapplied > Eeq or (ii) Eapplied < Eeq, 

the external applied bias will be invested in changing the potential drop across the space 
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charge region, modifying the extent of band bending. In the former situation, the band 

bending increases (Figure 1.10a centre), and the electron density at the surface decreases 

in comparison to the equilibrium state. Contrary to the former, in the latter situation the 

band bending decreases, and eventually reaching a situation in which the bands become 

flat (Figure 1.10a, right). 

 

Figure 1.10. Band energy diagrams for (a) n-type and (b) p-type semiconductor electrodes under different 
conditions. Left: equilibrium, centre: BEP with Eapplied > Eeq and right: Eapplied < Eeq.. The value of the reference 
potential (Փref) is arbitrary located. 

The potential at which the bands become flat is called Flat Band Potential (Efb) and it 

denotes the position of the Fermi level in the semiconductor (close either to the conduction 

band edge or valence band edge for n-type or p-type electrodes respectively). An ɛF 

increase above the energy corresponding to the Efb implies an increase in electron density 

at the surface (accumulation) and Faradaic cathodic current can flow across the interface 

as long as the redox couple present in the electrolyte efficiently accepts electrons. Similar 

treatment can be done for p-type semiconductors. 

In the other limiting case, assuming that CSCR >> CH, the application of an external bias 

will produce a variation of the potential drop across the Helmholtz layer. Under these 

conditions, the energy levels of the surface are shifted with respect to the energy levels in 
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equilibrium as shown in Figure 1.11. The band edges in the semiconductor maintain the 

same relative positions since ΔϕSCR remains virtually unaltered. In order to emphasize the 

difference between the current situation and the previous one, it is said that the bands are 

unpinned and this condition is called as Fermi Level Pinning (FLP).[13,22]
  

 

Figure 1.11. Band energy diagrams for (a) n-type and (b) p-type semiconductor materials under equilibrium 
(left) and when a bias is applied (Eapplied > Eeq), FLP conditions (right). 

However, real systems do not present exclusively one of the above mentioned situations. 

The semiconductor-electrolyte interface is commonly governed by an intermediate 

situation between BEP and FLP, where, after applying an external bias, there are two 

potential drops changing simultaneously, one potential drop across the space charge 

region and the other across the Helmholtz layer. 

1.2.5 Optical properties 

One of the most remarkable properties of semiconductors is their capability for absorbing 

UV-vis light. The optical band gap is intimately related to the electronic band gap (Eg) of 

the semiconductor material, which is an important parameter in defining its light absorption 
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ability. The absorption of photons from an incidence beam of light with photons of energy 

(hʋ) higher than Eg  induces an optical excitation that results in a generation of an electron-

hole pair.[21] The irradiance of the solar spectrum as a function of the wavelength is 

depicted in Figure 1.12. As it is shown, the maximum values of irradiance are located in 

the visible and near infrared regions. Therefore, in the context of photoelectrochemical 

cells and from the point of view of light absorption, narrow band gap semiconductor 

materials are desirable in order to absorb most of the solar spectrum. Unfortunately, the 

majority of the semiconductor materials with low band gaps are not stable under 

illumination in aqueous media. 

 

Figure 1.12. Solar spectrum with and without atmospheric absorption (AM 1.5 and AM 0). Data obtained from 
[23]. 

Bearing in mind that the solar spectrum does not exactly present the same intensity and 

distribution across the different Earth’s locations, the photovoltaic industry in conjunction 

with the American Society for Testing and Materials, defined standard terrestrial solar 

spectral irradiance, AM 1.5G (air mass 1.5 global) for standardization purposes.[20] AM 

1.5G refers to the spectral distribution and intensity of sunlight on a 37º south-facing tilted 

surface after it has travelled through 1.5 times the thickness of the earth’s atmosphere, 

with a solar zenith angle of 48.19º. This spectrum includes both the direct and diffuse 
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contribution of the incident sunlight and it has a total integrated intensity of 1000 W m-2. 

Figure 1.12 also depicts AM 0, which is the spectrum above the atmosphere. Since real 

AM 1.5G sunlight is not readily available at all times and at all locations, solar simulators 

are used for R + D purposes. 

 

Figure 1.13. Scheme for the different types of light induced electronic transitions in a semiconductor. (1) 
Intraband transition; (2) and (3) transition involving impurity levels (donor or acceptor levels) and (4) interband 
transition. The yellow arrows denote those which occur under the influence of light while the green arrows 
occur as a result of thermal excitation. 

Different electronic transitions can occur upon light absorption as depicted in Figure 

1.13.[13,16] The transition labelled with number 1 refers to transitions due to absorption by 

free carriers within the bands (named intraband transitions). Transitions denoted as 2 and 

3 involve impurity levels from either acceptor or donor levels, in these cases the absorption 

occurs by charge carriers localized in impurity atoms or structural imperfections in the 

lattice. Finally, the principal transition for photoelectrochemical purposes is the interband 

transition, in which the absorbed radiation generates upon exciton dissociation a 

delocalized electron in the conduction band, leaving behind a delocalized hole in the 

valence band. 

The interband transition has two variants: direct and indirect. [13,16,20] In the former, the 

momentum is conserved, which means that the top of the valence band and the bottom of 

the conduction band are both located at the same k-vector, as shown in Figure 1.14 
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(left).[21] Conversely, the indirect transition is produced when the absorption of a photon is 

accompanied by a change in the crystal momentum. Additionally, since photons barely 

carry momentum, in an indirect transition the absorption or emission of a phonon is 

required.[24,25] It is important to highlight that indirect transitions scarcely occur, and 

materials having such behavior commonly present lower absorption coefficients in 

comparison to materials with direct transitions. 

 

Figure 1.14. Electron energy as a function of the crystal momentum for direct (left) and indirect (right) interband 
transitions. 

Assuming that the bottom of the conduction band and the top of the valence band present 

parabolic shapes, the optical absorption coefficient, α, for an interband transition is defined 

by:[13,16]  

 α =
A

hυ
(hυ-Eg)

m
 1.19 

where A is a constant, and m is an exponent depending on the nature of the optical 

transition. For direct transitions, m has a value of ½ while for indirect ones its value is 2. 

Equation 1.19 is widely employed to determine the optical band gap of the materials from 

plotting (αhʋ)1/2 or (αhʋ)2 vs. hʋ for indirect and direct optical transition, respectively. This 
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representation is known as Tauc plot, and it will be discussed in Section 2.4.1 of Chapter 

2. 

In the present context, the important point to note is that the absorption depths (given by 

1/α are drastically different for direct and indirect transitions. While the former has depths 

span the 100-1000 nm range, the latter can be as large as 104 nm.[21,26]  

1.2.6 Photoelectrochemistry of semiconductors 

Up to now, the discussion has focused on the properties of semiconductors in the dark. 

As mentioned above, under thermal equilibrium in the dark, the semiconductor material 

presents a constant Fermi level (ɛF) (see Figure 1.5). However, as previously mentioned, 

when illuminating with photons of energy higher than the band gap, the energy is absorbed 

generating excited electron-hole pairs, and thus, disturbing the thermal equilibrium existing 

in the dark. This excitation allows to increase both the free electron density in the 

conduction band, and the free hole density in the valence band. [13,20]. In this situation, the 

charge carriers are no longer in equilibrium but in a steady state once the generation and 

recombination processes are balanced. It is important to notice that the carrier 

concentration upon illumination is formed by the contributions of both carriers generated 

through thermal excitation (previously described as n and p) and additional electrons and 

holes produced by photoexitation (Δn* and Δp* respectively): 

 n*= n + Δn* 1.20 

 p*= p + Δp* 1.21 

where Δn* = Δp*.  

In addition, under illumination, electrons and holes may be considered to have different 

but defined electrochemical potentials. This leads to the definition of quasi-Fermi levels for 

each type of carrier. These quasi-Fermi levels are denoted as ɛF,n
*  for electrons and ɛF,p

*  

for holes. Analogously to Equation 1.5 but now considering the charge carrier densities 
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under photoexcitation instead of thermal excitation in the dark, the quasi-Fermi levels are 

given by equations 1.22 and 1.23: 

 ɛF,n
* = εCB - kT ln

NCB

n*
= εCB - kT ln

NCB

n + Δn*
 1.22 

 ɛF,p
* = εVB + kT ln

NVB

p*
= εVB + kT ln

NVB

p + Δp
*
 1.23 

   

The following equations can be easily obtained by combining equations 1.5, 1.22 and 1.23: 

 ɛF,n
* = εF - kT ln

n

n + Δn*
 1.24 

 ɛF,p
* = εF + kT ln

p

p + Δp
*
 1.25 

For an n-type semiconductor material, the density of electrons in thermal equilibrium is 

high, so it is possible to make the approximation that n >> Δn*, and thus, n* ≈ n. For this 

reason, in the case of n-type semiconductor the quasi-Fermi level of electrons coincides 

with the Fermi level in the dark. However, the hole density in the dark is low, which means 

that Δp* >> p. In the case of a p-type material, the opposite situation is given, and ɛF,p
* = ɛF. 

Both cases, n-type and p-type are depicted in Figure 1.15. 

 

Figure 1.15. Band diagrams showing the light induced Fermi level splitting into the quasi-Fermi level for 
electrons and holes for both n-type and p-type semiconductor materials. 

A discussion on how the space charge region of a semiconductor (Figure 1.16a and d) in 

equilibrium with a redox couple (Figure 1.16b and e) in the electrolyte is affected upon 
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illumination is given below. In the space charge region, the photoexcited electrons and 

holes are separated by the electric field, moving in opposite directions (Figure 1.16c and 

f). The photogenerated carriers can then recombine and dissipate the energy with either 

photon emission or heat. If the photogenerated carriers do not recombine, their movement 

induces an inverse potential within the electrode, reducing the potential drop across the 

space charge region. In this way, the band bending observed decreases and the quasi-

Fermi level of the majority carriers varies. The difference observed between the quasi-

Fermi level of the majority charge carrier under illumination and the Fermi level in the dark 

(compare Figure 1.16b and c and Figure 1.16e and d) corresponds to the photopotential 

(ɛph).[13,17] Focusing on Figure 1.16c and f, it is worth noting that the quasi-Fermi level of 

the minority charge carrier is shifted from the value in the dark only within a limited depth 

in the semiconductor, coinciding with the distance that the photons can penetrate. 

The illumination of the electrode, which produces the splitting of the Fermi level, allows for 

producing reactions that otherwise are not spontaneous in the dark. Importantly, the 

location of the quasi-Fermi levels is the great interest since it determines the 

thermodynamic driving force of the electrochemical reactions. 

 

Figure 1.16. Band energy diagrams for n-type (a,b,c) and p-type (d, e, f) semiconductors before equilibrium 
with a redox couple in the electrolyte (a,d), after equilibrium (b,e) and under illumination (c,f).BEP is supposed.  
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Under illumination, the flux of carriers collected in the external circuit is measured and 

recorded as a current density called photocurrent density. The photocurrent flowing across 

the interface of an n-type semiconductor is anodic, while for a p-type material the current 

is cathodic.[13,21,27,28] The maximum current would be expected to correspond to the rate of 

photon absorption; however, the recombination of the photogenerated electron-hole pairs 

must be considered as a loss in the bulk, in the space charge region or at the 

semiconductor surface. As mentioned above (Section 1.2.5), the light is absorbed across 

a maximum distance equal to 1/α from the semiconductor surface (see Figure 1.17). The 

space charge region width (LSCR) is given by Equation 1.18. Focusing on an n-type 

material, the direction of the electric field at the interface is such that the minority carriers 

(in this case, holes) are swept to the surface where the oxidation of the redox couple in 

the electrolyte takes place. On the other hand, the electrons are driven to the rear ohmic 

contact. The holes photogenerated in the semiconductor bulk are transported by diffusion 

to the space charge region. Analogously to LSCR, the characteristic diffusion length of the 

minority carriers (Ln or Lp) can be defined as: 

 Ln,p= (Dn,pτn,p)
1/2

= (
k T μ

n,p
τn,p

e
)

1/2

 1.26 

where D is the diffusion coefficient, τ is the carrier life-time and μ is the mobility of the 

minority carrier. The subscripts n and p apply for p-type and n-type materials, respectively. 

This characteristic length defines the region fully effective for the photogenerated electron-

hole pairs. Pairs generated at depths longer than the Debye length (LD = LSCR + Ln,p) will 

simply recombine [21]  

For the sake of simplicity, the photocurrent is assumed to be equal to the sum of the current 

associated to minority carriers photogenerated in the depletion layer and in the bulk as 

long as they can reach the surface by diffusion. By this assumption, supposedly all the 

photogenerated minority carriers in the space charge region would reach the electrode 

surface and, subsequently contribute to the photocurrent. Having done the above 
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mentioned assumptions, Gärtner developed a model expressing the photocurrent density 

(jph) as a function of the incident photon flux (I0), the absorption coefficient (α), the length 

of the space charge region (LSCR) and the diffusion length of the minority carriers:[13,29,30]  

 |j
ph

| = e I0 (1-
exp (- α LSCR)

1 + α Ln,p

) 1.27 

Although this equation appears to be satisfactory for large values of band bending 

(↑ΔɸSCR), the model significantly deviates close to the flat band situation. [21,30] In addition, 

another limitation of this model consists in neglecting surface recombination. 

In Figure 1.17 the different characteristic lengths of the Gärtner model are depicted for an 

n-type semiconductor material under illumination. 

 

Figure 1.17. Sketch of the photogeneration of electron-hole pairs in an n-type semiconductor material, 
showing the penetration depth of light (1/α), the space charge region width (LSCR) and the diffusion length of 
holes.  

1.3 Photoelectrochemistry of nanostructured semiconductor 

materials 

From a materials point of view, the electrochemical and photoelectrochemical field have 

evolved from the use of single crystal semiconductors to polycrystalline thin films, and, 



Chapter 1 
 

 74 

lately, to nanocrystalline films. Nanostructured films are distinguished from their 

precedents either by the crystallite size (from μm to nm) and their three-dimensional 

geometry, contrasting with the planar two-dimensional nature of single or compact 

polycrystalline counterparts. These characteristics allow electrolyte permeation through 

the solid network. Nanoporous, mesoporous or nanostructured electrodes are also the 

names employed to refer to nanocrystalline electrodes. Nanostructured electrodes can be 

classified into two types according to their morphology: (i) ordered nanocrystalline 

electrodes or (ii) random nanoparticulate electrodes.[31] 

Among the variety of advantages that their use present, the main virtue of nanocrystalline 

electrodes is their huge surface area, i.e. large roughness factor, which facilitates the 

absorption of the electrolyte redox species on the electrode surface. [32-35] Moreover, 

particular geometries favour efficient charge separation since the minority carriers need to 

travel shorter distances, especially in ordered nanocrystalline electrodes. [21]  

1.3.1 Nanocrystalline Film-Electrolyte interface 

The correct understanding of the electrostatics across nanocrystalline semiconductor film-

electrolyte junctions represents interesting challenges. The concepts explained above 

such as space charge region, band bending or flat band potential are not always applicable 

here because the crystalline dimensions comprising these layers are comparable or even 

smaller to the width of the space charge region (LSCR) (see Figure 1.18), especially for 

barely doped materials since smaller NA or ND values cause larger LSCR values (following 

Equation 1.18).[21] The rather complete interpretation of the electrode-electrolyte phases 

must mean that the Helmholtz double layer extends throughout the interior surface of the 

nanoporous network, much like a supercapacitor situation.[36,37]  
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Figure 1.18. Scheme comparing the characteristics derived from the width of the space charge region (LSCR) 
and the diameter (d) of the nanocrystal for (a) particle size with d > LSCR and (b) particle size with LSCR > d. 

Focusing on n-type semiconductors, when the Fermi level is located considerably below 

the conduction band edge and the band gap is wide enough, the electrode material 

behaves as an insulator. However, upon negative polarization, the nanostructured 

electrode acquires conductivity. In this case, the electrode is homogeneously charged, and 

the Fermi level approaches the conduction band as long as the band edges are pinned. In 

Figure 1.19 it is depicted the change in the Fermi level upon the application of a forward 

bias potential, acquiring the quasi-metallic state at sufficiently negative polarization. This 

electron accumulation, which results in a negative charge, has to be balanced by cations 

from the electrolyte being electrosorpted or absorbed/intercalated. [21]  

 

Figure 1.19. Sketch of the band energy diagrams for a nanostructured n-type semiconductor electrode in (a) 
equilibrium, and (b) under the application of a potential Eapplied. 

When illuminating the electrode, the mechanism for charge separation is not due to the 

existence of an electric field inside the particles as in the previous case, but due to the 

different reactivity of electrons and holes toward species in solution. Due to the absence 

of a well-defined space charge region, the charge carrier transport within the 
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semiconductor nanostructure is mainly diffusive, and it is purely governed by the 

concentration difference along the nanoparticle network.[38,39] It is important to mention that 

under illumination, the theory described in section 1.2.6 also applies for nanostructured 

electrodes, being the electrochemical potential equal to the quasi-Fermi level of holes for 

p-type semiconductors or electrons for n-type electrodes. 

Considering the three basic types of processes: transport, generation and recombination, 

the density of charged species in a nanocrystalline electrode is given by the continuity 

equation. For instance, the electron concentration across the films depends on the applied 

potential to the electrode, if the applied potential is equivalent to a Fermi level below ԑF,redox 

, the concentration of electrons in the back contact is lower than that in the bulk, generating 

by this way, an electron concentration gradient. Thus, the application of an adequate 

potential can effectively extract electrons at the back contact. Analogously to the previous 

case studied, the photocurrent is proportional to the charge carrier flux at the back contact 

of the nanocrystalline film. For solving the continuity equation, the steady state conditions 

should be applied together with boundary conditions, which depend on the illumination 

direction.[31] Two directions can be used: (i) EE illumination, which means that the 

electrode is illuminated from the electrolyte-electrode side, and in the case of transparent 

substrates, (ii) SE, in which the electrode is illuminated from the substrate-electrode side. 

The latter can only be performed using transparent substrates. Both illumination 

configurations are sketched in Figure 1.20. 

 

Figure 1.20. Scheme of the two illumination modes for electrodes supported on optically transparent 
substrates: substrate-electrode (SE) or electrolyte-electrode (EE). 
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It was not until the 90s when Soedergren et al.[40] obtained expressions for both EE and 

SE maximum photocurrents. For that purpose, some assumptions were applied: (i) no 

significant migration contribution exists, (ii) the diffusion coefficient is constant, (iii) only 

one type of carrier contributes to charge transport, (iv) the generation of carriers is 

governed by the Lambert-Beer law, and (v) recombination follows a first-order kinetics. 

Equations 1.28 and 1.29 correspond to the n-type semiconductor photocurrent density for 

both EE and SE illumination conditions, respectively. 

 j
ph

EE
= e I0 (

Ln α e-dα

1 - Ln
2 

α2
) [Lnα + tanh (

d

Ln

) - 
Ln α e-dα

cosh (
d
Ln

)
] 1.28 

 j
ph
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Ln α
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2 α2
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d
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) +
Ln α e-dα

cosh (
d
Ln

)
] 1.29 

where I0 is the incident light intensity, α is the absorption coefficient, Ln is the minority 

carrier diffusion length, and d is the thickness of the nanocrystalline film. Analogously, this 

treatment can be applied to nanostructured p-type semiconductor materials. 

Focusing on n-type nanocrystalline semiconductors, where the current is due to electrons 

in the conduction band, a brief description on how the photocurrent is affected by the 

potential is given below. Figure 1.21 summarizes the different regions in a photocurrent-

potential curve. 

The bottom panels in Figure 1.21 sketch how the electron concentration varies as a 

function of the distance in the film for the different regions in the photocurrent-potential 

curve. The applied potential inevitably affects the electron concentration at the contact, 

and thus, the photocurrent obtained. At the beginning, in region 1, the electrons cannot 

reach the conductive substrate due to the absence of a driving force. However, in region 

2 transfer of electrons from the semiconductor to the substrate occurs, producing an 

electron density gradient as electron concentration starts decreasing in the contact. The 

higher the applied potential is, the lower the electron concentration at the contact is, and 
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thus, higher the concentration gradient is. Finally, in region 3 the photogenerated electron 

concentration in the contact is almost naught so the photocurrent does not depend on the 

applied potential (limited by diffusion). 

 

Figure 1.21. Scheme of the plot photocurrent-potential for an n-type semiconductor, showing anodic 

photocurrent. ɛF is the Fermi level of the conductive substrate (FTO), ɛF,n
*  is the electron quasi-Fermi level and 

ɛF,p
*  is the quasi-Fermi level of holes under illumination. 

1.4 Photoelectrode requirements 

The most critical aspect of the design of a photoelectrochemical device for water splitting 

is, undoubtedly, the choice of suitable photoanode and/or photocathode materials. Several 

of the requirements imposed on these materials appear to be in conflict, and a certain 

trade-off has to be made. In this section, general considerations are given. 
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Most of the requirements for suitable water-splitting photoanode and/or photocathode 

materials are summarized as follow:[20,41]  

▪ Good visible light absorption 

▪ High chemical stability both in the dark and under illumination to withstand 

continuous and long-term PEC operation 

▪ Band edge positions that straddle the water reduction and oxidation potentials 

▪ Efficient charge transport in the semiconductor 

▪ Low overpotentials for reduction/oxidation of water 

▪ Low cost 

The spectral region in which the semiconductor material absorbs light is determined by its 

band gap. The minimum band gap should be at least of 1.9 eV, in order to overcome the 

thermodynamic (1.23 eV)[41] and kinetic (0.4─0.6 eV)[42-45] barriers to photoelectrochemical 

water splitting. Additionally, below 400nm the intensity of sunlight drops rapidly (see Figure 

1.12), imposing, in this way, an upper limit of 3.1 eV on the band gap. Hence, the optimum 

value of the band gap should be located elsewhere between 1.9 and 3.1 eV, which is within 

the visible range of the solar spectrum.  

As expected, stability plays an important role and limits the usefulness of many photoactive 

materials. Most non-oxide semiconductors either dissolve or form a thin oxide layer that 

prevents charge transfer across the semiconductor/electrolyte interface. However, oxide 

semiconductors tend to be more stable. The general trend is that stability against 

photocorrosion increases with increasing the band gap. 

Unfortunately, only a few semiconductor materials fullfill the band edge positions 

requirements. As shown in Figure 1.22, those that meet the requirements have extremely 

large band gap (i.e. TiO2, SrTiO3)[46-48] or are unstable in aqueous solutions (i.e. Cu2O, 

MoS2)[49-51]. 
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The fourth requirement (efficient charge transport) is easily fulfilled in some materials such 

as TiO2 or WO3, while in others it is the main cause for poor overall conversion efficiencies. 

This affects in particular to α-Fe2O3, which will be discussed in section 1.5. 

 

Figure 1.22. Band gaps and band edge positions for n-type and p-type semiconductors used in 
photoelectrochemistry. Values taken from [48]. 

Regarding the fifth requirement, interfacial charge transfer should be sufficiently fast to 

avoid the accumulation of carriers at the surface, as this would lead to a decrease of the 

electric field and an increase of surface electron-hole recombination. To improve the 

kinetics of charge transfer, catalytic active species may be added. Some examples of 

effective oxygen evolution catalysts are RuO2,[52] IrOx,[53] or compounds based on Co [54]  

while Pt, Rh,[55] MoS2,[56] or NiOx [57,58] are usually employed as catalysts for hydrogen 

evolution. 

For the time being, a single semiconductor material that meets all these requirements has 

not been found yet. Instead, a tandem cell approach, in which solar photons not absorbed 

by the top cell are transmitted and absorbed by one or more cells underneath, has been 

successful in generating sufficient photopotential and in harvesting a significant portion of 

the solar spectrum to demonstrate devices with reasonable overall solar-to-hydrogen 

conversion efficiency.[59,60] The employment of two photoelectrodes in tandem presents 
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several benefits in comparison to the use of photovoltaic devices in tandem with 

photoelectrodes, highlighting the approach of the semiconductor-liquid junctions to 

separate the photogenerated carriers. Specifically, this configuration minimizes the 

complexity and the potential cost of the device, as stated previously in section1.1. These 

devices comprise a photocathode, where solar hydrogen evolution takes place, and a 

photoanode where water oxidation occurs.[7,11,60-63]  

Among the large amount of semiconductor materials suggested as candidates for 

photoelectrochemical water splitting, hematite (α-Fe2O3) has been widely employed as a 

photoanode because of its abundance, excellent stability, and favorable band gap. [64-66] 

Unfortunately, its use is limited due to its high recombination rate, low carrier mobility, and 

slow carrier transfer.[64,67-69] Hematite is extensively described in section 1.5. To overcome 

these drawbacks, some strategies have been followed along this thesis in Chapters 3, 4 

and 5. 

On the other hand, cupric oxide is postulated to be a promising candidate as a 

photocathode due to its band gap, narrow enough to harvest a significant fraction of the 

solar spectrum. Additionally, it presents low toxicity, low cost and efficient light 

harvesting.[70-73] Notwithstanding, CuO presents a major drawback related to its instability 

against photocorrosion in aqueous solution. In section 1.6, the main properties of cupric 

oxide are described. Chapters 6 and 7 are dedicated to improving its stability in aqueous 

media. 

1.5 Hematite as a promising photoanode 

Being the fourth most common element in the Earth’s crust, iron oxide is one of the most 

studied material due to its low cost and stability.[64,65,74] Additionally, iron and its 

corresponding oxides (ferrous and ferric) present red-brown color, chromatic 

characteristics that also exemplify their ability to absorb solar irradiation. These 
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characteristics coupled with their non-toxicity make iron oxides particularly attractive 

materials for solar energy conversion. Under these lines, an overview of the significant 

properties of the most important iron oxide for solar energy conversion, α─Fe2O3 is given. 

1.5.1 Crystalline and magnetic structure 

It is well known that the most thermodynamically stable form of iron oxide is hematite, and 

thus, it is the most common form of crystalline iron oxide. The atom arrangement in iron 

oxide is that of the corundum structure, which means trigonal-hexagonal scalenohedral 

with space group R-3c and lattice parameters a= 5.0356 Ǻ, c= 13.7489 Ǻ with six formula 

units per unit cell.[75] Hematite structure is based on the packing of anions (O2-) arranged 

in hexagonal closed-packed lattice along the [001] direction, while the cations (Fe3+) 

occupy the two-thirds of the octahedral interstices in the (001) basal planes, remaining the 

tetrahedral sites unoccupied. Additionally, the cations arrangement can be though as 

producing pairs FeO6 octahedra as shown in Figure 1.23. Hematite exhibits a C3v 

symmetry, having two different Fe─O bond lengths. 

 

Figure 1.23. Unit cell (left) of hematite showing octahedral face-sharing dimers (Fe2O9) forming chains in the 
c direction. On the right, a detailed Fe2O9 dimer showing how the electrostatic repulsion of the Fe3+ cations 
produce different lengths of Fe−O bonds (longer for that in the middle, and shorter for termination bonds). 
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Regarding magnetic properties, hematite is antiferromagnetic at temperatures below 260 

K and weakly ferromagnetic at room temperature.[67,76] While the magnetic properties of 

hematite are not particularly pertinent for its photoelectrochemical performance, the iron 

spin configuration influences the optoelectronics and carrier transport of hematite, as 

described below. 

1.5.2 Optoelectronic characteristics 

The band gap energy of hematite, which depends on the method of preparation, is usually 

reported to be between 1.9 and 2.2 eV,[77] corresponding to wavelengths ranging from 650 

nm to 560 nm. No sustainable photocurrent for irradiation with photon energy below the 

band gap is observed.[78] It is important to mention that, in the near-infrared spectral region, 

hematite presents weak absorption bands (α values of the order of 103 cm-1) due to d-d 

localized transition states between electron energy levels of Fe3+, however, the absorption 

coefficient increases rapidly at the band gap energy and further up, reaching values of the 

order of 105 cm-1 in polycrystalline hematite samples.[79,80] Since hematite strongly absorbs 

yellow to ultraviolet light, transmits orange to infrared light, which gives it its characteristic 

orange-red color. 

In most of the studied cases, the Tauc analysis of the band gap absorption onset in 

hematite, frequently indicates an indirect band gap transition.[81] Additionally, the most 

recent ab initio calculations to determine the electronic structure of hematite by Hartree-

Fock[82] approach and density functional theory with a local spin-density approximation and 

coulomb correlation[83,84] predict that the highest occupied energy states are primarily O-p 

in character and the lowest unoccupied states are from an empty Fe-p band. These results 

suggest that pure stoichiometric hematite is a charge transfer insulator.  
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1.5.3 Carrier transport 

As mentioned along this chapter, the efficient transport of majority charge carriers is 

mandatory for the use of materials as photoelectrodes, and so it is for hematite. Morin et 

al. reported an extremely low electrical conductivity for hematite (10-14 Ω-1 cm-1).[85,86] 

Moreover, studies on pure single-crystals show conductivities below 10-6 Ω-1 cm-1.[87] These 

unusual small values provoked electrical conduction to be explained by Fe3+/Fe2+ valence 

alternation on spatially localized 3d orbitals. The conduction mechanism on hematite has 

been described by a small polaron model, which includes the effect of the larger size of 

Fe2+ ion and the associated lattice distortion.[88-91] Thus, conduction of holes and electrons 

are then best described by the hopping of polarons with an activation energy. By this 

mechanism, an increase in temperature produces an increase in the mobility of the 

carriers, as transport phonon-assisted.[90]  

 

Figure 1.24. Side view of hematite showing in yellow the plane (001), along which efficient electronic 
conduction happens.  

Importantly, further studies of hematite single crystals identified a highly anisotropic 

electron transport with conductivity along the iron bilayer (001) basal plane up to four 

orders of magnitude larger than in perpendicular directions. [92,93] Figure 1.24 shows the 

hematite crystal net in which the plane (001) is marked with a yellow line. It can be 

explained considering Hund’s rule and the magnetic structure of hematite. The 
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ferromagnetic coupling of the spins in the (001) basal planes and antiferromagnetic 

coupling along the [001] direction create an environment where electrons can move (n-

type conductivity) within the iron bilayers but they are forbidden to hop across the oxygen 

planes to an iron bilayer with opposite spins. For this reason, conduction in the [001] 

direction could only involve the movement of holes in the form of Fe3+ → Fe4+ electron 

transfer.[90]  

Although the specific details for the conduction mechanism, including the observed 

anisotropy are clearly important for orienting hematite crystals in a photoelectrode, its 

intrinsic conduction properties have been demonstrated to be insufficient for PEC 

applications. For this reason, it is almost mandatory to improve its conductivity by adding 

impurities to act as electronic dopants. Ti, Mo, Cr, Si, Zr, Ta, Nb, Bi, Ge, Mn, and especially 

Sn are some of the dopants described in the literature.[64,66,87,94-104]  

1.5.4 Photogenerated carrier lifetime 

Not only the conduction of majority charge carriers is important in a photoelectrode, but 

also the efficient transport of the minority photogenerated charges to the semiconductor-

liquid junction in order to attain a high conversion efficiency. In this respect, the lifetime of 

the photogenerated carriers plays an important role. In order to estimate the ultrafast 

dynamics of excited states on hematite, femtosecond laser spectroscopy was employed 

with colloidal nanoparticles, single crystal, as well as nanostructured thin films. [69,91,105] In 

the case of nanoparticles, the excited state decay profiles were non-dependent of both the 

pump power and the probe wavelength, and were not affected by lattice doping. 

Nevertheless, the life time of the excited state obtained was extremely short showing a 

70% loss of the transient absorption after just 8 ps, being undetectable after 100 ps.[91] 

Contrary to expected, in the case of epitaxial-grown, thin films although a reduced 

influence of bulk and surface defect states are obtained compared to the case of 

nanoparticle, similar excited state dynamics were attained. It is explained as follow: initially 
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hot electrons relax to the conduction band edge within 300 fs. After that, their 

recombination with holes and trap states occurs within 3 ps, these trap states can remain 

for hundreds of ps before their recombination to the ground state.[69] The dominant carrier 

trapping mechanism was ascribed to midgap Fe3+ d-d state between 0.5 - 0.7 eV below 

the conduction band edge, giving them an optical transition of about 1.5 eV. [106,107]  

In summary, hematite as an n-type photoanode was found to have excellent stability and 

Faradaic efficiency for water oxidation.[77] Unfortunately, many challenges of employing 

this material for photoelectrochemical water splitting have been identified such as: (i) 

extremely low value of flat band potential for water reduction;[108,109] (ii) large overpotential 

for water oxidation,[109] (iii) relatively low absorption coefficient, needing thick films for 

complete light absorption[110,111] (iv) poor majority carrier conductivity,[107,112] and (v) short 

diffusion length of minority carriers (Ln= 2-4 nm).[113] Therefore, it is a need to develop 

elaborated multiple modification strategies to overcome all these barriers and have an 

efficient PEC water splitting system. 

1.5.5 Strategies for hematite optimization 

The strategies to improve the charge transport efficiency in the bulk and transfer at the 

semiconductor-electrolyte interface include morphology control, heterojunction formation, 

impurity doping and surface modification. In the following, a brief discuss about the four 

strategies is given. Finally, a table summarizing the performance of some of the promising 

α─Fe2O3 photoanodes in terms of high photocurrent density and low onset potential, which 

are key performance parameters to design an efficient solar water splitting.  

1.5.5.1 Morphology control 

As mentioned above, one of the most serious drawbacks of hematite as a photoanode is 

the extremely short diffusion length of the photogenerated holes. In this way, the charge 
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extraction depth of α─Fe2O3 to the space charge region is restricted and thus, the holes 

generated in the bulk recombine before reaching the surface for water oxidation. [65,64,107-

112,114,115] In this respect, one could think that the optimum thickness of hematite should be 

thin (< 20nm) to achieve high efficiency. Nevertheless, an ultrathin hematite layer cannot 

absorb a large fraction of incident light because of its low absorption coefficient. The 

fabrication of nanostructures is an effective way to address the issue of the short diffusion 

length since the required hole diffusion distance is limited to the nanoscale. In this respect, 

the employment of nanostructures favors the photoelectrochemical reaction in the different 

ways stated below:[65,116]  

▪ Having a nanostructure, the surface-to-volume ratio is highly increased, thus, the 

specific area increases providing higher amount of active sites together with a large 

interfacial contact between the electrode and the electrolyte. 

▪ Nanostructured based photoanodes present several advantages compared to 

planar geometry, such as the decoupling of the directions of light harvesting and 

charge carrier collection. By this way, charge carrier separation is improved. [117] 

Additionally, the charge carrier separation is improved due to the internal electric 

field.  

▪ The band bending, flat band potential and surface states of photocatalytic materials 

are greatly influenced by the crystal facets exposed in the nanostructures. [65,116]  

1.5.5.2 Impurity doping 

In general, the impurity doping is the most common modification method of semiconductor 

materials.[74,118-121] By introducing dopant atoms into the lattice of the semiconductors 

properties such as electron mobility, carrier density and electrical conductivity can be 

improved. Taking into account that the conductivity of an intrinsic semiconductor is defined 

as the sum of the conductivities of electrons and holes, increasing one of the carrier 
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concentration (either n or p) by doping, results in a better conductivity since the mobility of 

electrons or holes is improved. 

In the hematite case, a large number of studies, either theoretical and experimental, have 

been performed, confirming that the doping with foreign atoms not only enhances electron 

conductivity but also helps to get better properties such as band gap, crystallinity, particle 

size and shape or growth orientation among others.[122-124] Both, metallic and non-metallic 

dopants have been employed, being the latter still under first stages exploring. 

Additionally, there are recent studies using as a strategy the co-doping (multiple dopants) 

which seems to be a promising approach to enhance the photoactivity of hematite.  

1.5.5.3 Heterojunction formation 

Despite the potential advantages of nanostructuring, in nanostructured materials there is 

also a chance for charge recombination. To minimize or even eliminate charge 

recombination, the coupling of different materials with adequate band alignment can be 

followed as an improvement strategy. By this way, due to the band alignment, an internal 

electric field at the interface is generated, which provides an effective charge separation 

in opposite directions.[125,126] For an effective heterojunction between two semiconductors, 

one should have more negative conduction band/positive valence band or more positive 

conduction band/negative valence band than those of hematite. [125,127-129]  

1.5.5.4 Surface modification 

Apart of the above mentioned strategies, numerous efforts have focused on hematite 

surface modification. It is well known that the intrinsic hematite photo-onset is mainly 

surface state dependent and it can be changed by altering the surface properties. [114] For 

that purpose, different strategies have been carried out to lower the photo-onset potential 

by means of accelerating water oxidation rate, preventing charge recombination on the 
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surface as well as on the electrode-electrolyte interface, enhancing the oxidizing power of 

holes. Unfortunately, it is quite often noticed that an enhancement of one particular 

parameter entails a negative effect for other properties of the photoanode, which can result 

in a negligible improvement or even decrease in overall performance. In fact, reduce the 

photo-onset for oxygen evolution reaction (OER) remains a challenging task.[121,130-135] The 

main strategies carried out to hematite surface modification include surface oxide 

overlayers for passivation (Ga2O3, Al2O3,…)and underlayers (Nb2O5,…), metal-free 

carbon-based materials, inorganic oxygen evolution co-catalysts and oxygen evolution 

molecular co-catalyst loading. Among the different co-catalyst employed, the most 

common ones are thus based on Co (CoPi, Co3O4, Co(OH)2…), Ni (Ni(OH)2, NiFeOx,…) 

and metal oxides (IrO2, RuO2,…) 

In Table 1.1, the performance of some promising hematite photoanodes in terms of high 

photocurrent density and lower photo-onset potential are summarized regarding the 

modification strategy employed: (i) morphology control (orange); (ii) metal doping (blue); 

(iii) formation of heterojunctions (red); and (iv) surface treatment and co-catalyst addition 

(green). 



 

 

Table 1.1. Summary of results for different strategies adopted in the optimization of α─Fe2O3. Extracted from [65]. The potentials given with photocurrents are vs. RHE except of 
those marked with *, which are referred to Ag/AgCl. Data obtained under standard illumination AM 1.5G with light power density of 100 mW cm-2.  

Strategy Anode 

Eph / V vs. RHE 

Electrolyte jph / mA·cm-2 Ref. 

Pristine Modified 
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Ti→ α─Fe2O3@3D nanospikes ~1.00 ~0.80 1 mol L-1 NaOH 2.42 at 1.23 V [136] 

CoPi@Ti→ α─Fe2O3@3D nanospikes ~1.00 ~0.60 1 mol L-1 NaOH 3.05 at 1.23 V [136] 

CoPi/Au@Ti→ α─Fe2O3@3D nanospikes ~0.88 ~0.52 1 mol L-1 NaOH 3.39 at 1.23 V [137] 

α─Fe2O3@Au nanohole array -0.10* -0.10* 1 mol L-1 NaOH ~0.91 at 0.23 V* [138] 

α─Fe2O3@Au nanopillars ~1.10 ~1.10 1 mol L-1 NaOH 0.42 at 1.50 V [139] 

FeNiOOH/Fe5TiO5@ α─Fe2O3 nanowires 0.85 1.00 1 mol L-1 NaOH 2.20 at 1.23 V [140] 

Sn→ α─Fe2O3 nanorods 1.10 0.60 1 mol L-1 KOH 2.80 at 1.23 V [141] 

Au/FeOOH sanwiched Fe2O3 nanoflakes - 0.50 0.1 mol L-1 KOH 3.10 at 1.50 V [142] 

α─Fe2O3 nanotrees 1.10 1.00 0.1 mol L-1 KOH 0.74 at 1.23 V [143] 

CoPi@Pt→ α─Fe2O3 wormlike ~0.80 ~0.70 1 mol L-1 NaOH 4.32 at 1.23 V [144] 
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Orientated tuned Sn→ α─Fe2O3 ovals ~1.40 0.60 1 mol L-1 NaOH 0.74 at 1.23 V [145] 

Co@Sn→ α─Fe2O3 nanowires -0.40 -0.10 0.1 mol L-1 KOH 2.20 at 0.23 V* [146] 

Wormlike α─Fe2O3 on patterned FTO ~0.70 ~0.70 1 mol L-1 NaOH 1.88 at 1.55 V [147] 

Hierarchical 3D branched Ti→ α─Fe2O3 ~0.60 ~0.60 1 mol L-1 NaOH 0.61 at 1.23 V [148] 

FeOOH@Ti→ α─Fe2O3 nanorods 1.02 0.64 1 mol L-1 NaOH 1.58 at 1.23 V [149] 

β─FeOOH@Ti→ α─Fe2O3 nanorods - 0.90 1 mol L-1 NaOH 1.83 at 1.40 V [150] 

Porous α─Fe2O3 nanoballs ~0.85 ~0.76 1 mol L-1 NaOH 0.61 at 1.23 V [151] 

α─Fe2O3 nanorods ~0.80 ~0.80 1 mol L-1 NaOH 2.12 at 1.23 V [152] 
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Sn→ α─Fe2O3 0.80 0.65 1 mol L-1 NaOH 1.86 at 1.23 V [153] 

Sn→ α─Fe2O3 0.70 0.70 0.1 mol L-1 KOH 1.10 at 1.23 V [154] 

Sn→ α─Fe2O3 0.84 0.80 1 mol L-1 NaOH 0.80 at 1.23 V [155] 

Ti→ α─Fe2O3 ~0.90 ~0.70 1 mol L-1 NaOH 2.80 at 1.23 V [156] 

Ti→ α─Fe2O3 thin film  ~0.90 ~0.85 0.1 mol L-1 KOH 0.72 at 1.23 V [157] 

Ti→ α─Fe2O3 ~0.92 ~1.00 1 mol L-1 NaOH 0.85 at 1.23 V [158] 
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Ti→ α─Fe2O3 ~0.80 ~0.80 0.1 mol L-1 KOH 2.10 at 1.5 V [159] 

Mo→ α─Fe2O3 -0.35 -0.30 1 mol L-1 NaOH ~0.80 at 0.23 V* [160] 

In→ α─Fe2O3 1.00 0.90 1 mol L-1 NaOH 0.65 at 1.23 V [161] 

F→ α─Fe2O3 0.90 0.68 0.1 mol L-1 KOH 2.52 at 1.23 V [162] 

S→ α─Fe2O3 0.80 0.75 1 mol L-1 NaOH 1.42 at 1.23 V [163] 

Ni→ α─Fe2O3 0.62 0.50 1 mol L-1 NaOH 2.30 at 0.7 V* [164] 

Au→ α─Fe2O3 1.20 1.00 1 mol L-1 NaOH  <0.5 at 1.23 V [165] 

Nb→ α─Fe2O3 - - 1 mol L-1 NaOH 0.63 at 1.0 V* [166] 

Si→ α─Fe2O3 ~1.00 ~0.80 1 mol L-1 NaOH 2.3 at 1.43 V [167] 

Zr→ α─Fe2O3 ~0.85 ~0.85 0.1 mol L-1 KOH 1.50 at 1.23 V [168] 

Ge→ α─Fe2O3 ~1.10 ~0.90 1 mol L-1 NaOH  1.40 at 1.23 V [99] 

Ru→ α─Fe2O3 ~1.00 ~1.00 1 mol L-1 NaOH 0.15 at 1.23 V [169] 

P→ α─Fe2O3 0.85 0.58 0.1 mol L-1 KOH 1.48 at 1.23 V [170] 

P→ α─Fe2O3 - ~0.70 1 mol L-1 NaOH 2.70 at 1.23 V [120] 



 

 

 Sn-Zr→ α─Fe2O3 0.70 0.74 1 mol L-1 NaOH 1.34 at 1.23 V [171] 
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α─Fe2O3/TiSi2 nanonet 1.00 0.90 1 mol L-1 NaOH 1.60 at 1.23 V [126] 

CoPi@Ti→ α─Fe2O3/Nb doped SnO2 nanobowls 0.90 0.60 1 mol L-1 NaOH 3.16 at 1.23 V [172] 

Mg→ α─Fe2O3@α─Fe2O3 heterojunction 1.00 0.80 0.1 mol L-1 KOH ~0.5 at 1.23 V [173] 

CoNi→tC3N4@α─Fe2O3 heterojunction 1.17 1.01 1 mol L-1 NaOH 2.73 at 1.23 V [174] 

α─Fe2O3@Si dual absorber  1.00 0.60 1 mol L-1 NaOH 1.00 at 1.40 V [175] 

α─Fe2O3@WO3 host scaffold 1.00 1.03 1 mol L-1 NaOH 1.71 at 1.43 V [176] 

α─Fe2O3@WO3 composite 0.73 0.43 0.5 mol L-1 Na2SO4 0.84 at 1.01 V [177] 

α─Fe2O3/graphene/BiV1-xMoxO4 NRs arrays -0.28 -0.33 0.01 mol L-1 Na2SO4 1.97 at 1.00 V* [178] 

α─Fe2O3@ rGO 1.05 0.80 1 mol L-1 NaOH ~3.00 at 1.23 V [179] 

α─Fe2O3@ 3D-graphene - 0.90 1 mol L-1 NaOH 1.62 at 1.50 V [180] 

Single layer Graphene @ Ti→ α─Fe2O3 0.90 0.90 1 mol L-1 NaOH 0.75 at 1.23 V [181] 

 CoPi@ α─Fe2O3  0.81 0.63 1 mol L-1 NaOH 1.52 at 2.5 V [182] 

 IrO2@ α─Fe2O3 0.10 0.80 1 mol L-1 NaOH > 3.00 at 1.23 V [135] 
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Co3O4@ α─Fe2O3 0.66 0.62 1 mol L-1 NaOH 1.20 at 1.23 V [133] 

Co(OH)2/Co3O4@ α─Fe2O3 1.15 0.95 0.1 mol L-1 KOH 2.10 at 1.53 V [183] 

QDs@ α─Fe2O3 0.80 0.66 1 mol L-1 NaOH 1.60 at 1.60 V [184] 

Ni(OH)2@ α─Fe2O3 1.10 0.80 0.1 mol L-1 KOH 0.40 at 1.23 V [185] 

NiFeOx@ α─Fe2O3 1.00 0.62 1 mol L-1 NaOH 0.60 at 1.23 V [132] 

Al2O3@ α─Fe2O3 1.02 0.91 1 mol L-1 NaOH 0.07 at 1.02 V [121] 

Ga2O3@ α─Fe2O3Co 1.02 0.80 1 mol L-1 NaOH 0.25 at 1.02 [121] 

HCl/Ti4+→ α─Fe2O3 0.97 0.87 1 mol L-1 NaOH 0.68 at 1.00 V [130] 

IrO2/RuO2@ α─Fe2O3 ~0.98 0.48 0.1 mol L-1 KOH 1.52 at 1.23 V [186] 

CoOOH/(Ti, C)@ α─Fe2O3 ~1.10 0.85 1 mol L-1 NaOH 185 at 1.23 V [187] 

CoPi@Ti→SiO2@ α─Fe2O3 1.01 0.80 1 mol L-1 NaOH 3.19 at 1.23 V [188] 

Nb2O5@ Sn→ α─Fe2O3 1.54 1.11 0.1 mol L-1 KOH 0.51 at 1.23 V [189] 

FeOx(PO4)y@ α─Fe2O3 ~0.70 ~0.50 1 mol L-1 NaOH 0.51 at 1.23 V [190] 

CoPi@P→ α─Fe2O3 - ~0.60 1 mol L-1 NaOH 3.10 at 1.23 V [120] 



 

 

 Rh-F-Fe2TiO5@ α─Fe2O3 0.86 0.63 1 mol L-1 NaOH 2.12 at 1.23 V [191] 

 Nb2O5:α─Fe2O3 1.40 1.10 1 mol L-1 NaOH 0.57 at 1.40 V [192] 

Most of the reported photo-onset potential and photocurrent density values are estimated from the linear sweep voltammograms presented in the respective reference, so there 

can be a source of error. 
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The strategies mentioned in this section are especially effective, however, a single 

modification strategy is not enough to improve the performance and achieve the full 

potential of hematite. Thus, combining at least two strategies is essential. The outstanding 

progress achieved lately gives a perspective that α─Fe2O3 could become the key material 

for practical PEC solar water splitting to secure renewable hydrogen. 

1.6 Cupric oxide as a promising photocathode 

Cupric oxide could be one of the most promising candidates to be used as photocathode 

because, upon an appropriate modification, it could meet the stringent demands 

mentioned in Section 1.4. Analogously to hematite, it is formed only by Earth-abundant 

elements, which makes it interesting due to its low cost. Its highly ability to absorb solar 

radiation coupled with its non-toxicity make cupric oxide an interesting material for using 

as photocathode. Although there are several reports of CuO photocathodes for hydrogen 

production, it is not as intensively studied as hematite for solar applications. [193-195] In this 

section, a brief description of its most important properties is given. 

1.6.1 Crystalline and magnetic structure 

CuO can be found in either cubic or monoclinic structures, however, the cohesive energy, 

which is the energy required for the crystal to decompose into free atoms, is lower for the 

monoclinic structure, which means that monoclinic structure is more stable.[197] The crystal 

structure of CuO possess a base-centred lattice and it is in the monoclinic space group 

C2/c (𝐶2ℎ
6 ), with a lattice parameters a= 4.6837 Å, b=3.4226 Å, c= 5.1288 Å and β= 

99.54º.[198] In this crystal system, the copper atom is coordinated by 4 oxygen atoms in an 

approximately square planar configuration, having six formula unit per unit cell. [199] Figure 

1.25 shows the crystal structure of monoclinic cupric oxide. Analogously to hematite, 

cupric oxide is antiferromagnetic, even at room temperature.  
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Figure 1.25. Unit cell (left) of monoclinic cupric oxide, showing a six formula unit per unit cell. On the right, the 
detailed quasi-square planar configuration by coordinating the copper atom by 4 oxygen atoms.  

1.6.2 Optoelectronic characteristics 

CuO is a p-type semiconductor with a narrow direct band gap between 1.2 and 1.9 eV. In 

this case, the highest occupied energy states are primarily O 2p, O 2s, and Cu 3d; while 

the conduction band is formed by a mix of O 2p and Cu 3p orbitals. Additionally, optical 

anisotropy is observed in monoclinic CuO, being the absorption coefficient strongly 

dependent of the direction of the incident radiation. The absorption coefficient values are 

in the range of 104 cm-1.[200,201]  

1.6.3 Carrier transport and photogenerated carrier lifetime 

Polycrystalline cupric oxide (CuO) samples exhibit extremely low electrical conductivities 

(i.e. 10-10─ 10-12 Ω-1 cm-1), density of charge carrier (holes) of ~1019 cm-3, and an activation 

energy type hole mobility on the order of 10-2 cm2 V-1 s-1.[202] The conduction in CuO is 

mainly due to the hopping of holes (considered as Cu3+centers).[203] The grain boundaries 

may consist of only Cu2+ and they behave as an insulating walls. As a result, an array of 
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boundary barriers and grains is formed with a giant dielectric value. [203] The predominant 

conduction mechanism in CuO samples is found to be of small polaron type, in agreement 

with the very low charge carrier mobility. The electrical resistivity of single-crystal CuO is 

anisotropic with a dielectric permittivity of 10.5.[202] The life time of the excited state was 

determined to be as short as that for hematite, 100 ps. Initially, the relaxation via carrier-

carrier scattering in the valence band occurs within 400 fs, followed by relaxation involving 

carrier-phonon scattering in the valence band and in the trap states (2 ps). Then, their 

recombination with electrons and trap states occurs within 50 ps. [204]  

1.6.4 Strategies for cupric oxide optimization 

In spite of its narrow direct band gap, which allows CuO to absorb the vast majority of the 

solar spectrum, this photocathodic material presents two main shortcomings. On the one 

hand, the overpotential of the hydrogen evolution reaction (HER) at its surface is 

considerably high. And, on the other hand, CuO is unstable under cathodic potentials and 

illumination, which produced a quickly decay on the HER photocurrent with time.[205,206] To 

assess these drawbacks, several strategies can be followed. To solve the first 

shortcoming, the addition of co-catalyst such as Pt, Pd, Rh or Ni (NiOOH, NiFe, …) can 

greatly improve the HER efficiency by lowering the overpotential. For the second issue, 

the addition of co-catalyst may also play a role since the co-catalyst can inhibit the 

corrosion of CuO by accelerating the reduction of water. Additionally, in order to increase 

the CuO stability, strategies such as protective overlayers (Al2O3, TiO2, …) and 

heterojunctions (Cu2O, CuBiO4, CdS, …) have also been carried out. As the main 

strategies have been briefly explained in section 1.5.5, here the performance of some 

promising cupric oxide photocathodes in terms of high photocurrent density and high 

stability is directly summarized in Table  1.2. 



 
 

 

Table  1.2. Summary of results for different strategies adopted in the optimization of CuO. The stability is given as a percentage of remaining photocurrent after a period of 
continuous illumination and applied potential. The efficiency is given as a STH conversion. Data obtained under standard illumination AM 1.5G (100 mW cm-2). 

Strategy Cathode 
Eph / V  

Electrolyte jph / mA·cm-2 
Stability / % || 
Efficiency / % 

Ref. 
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CuO nanoparticles (> 3 eV) -0.39 vs. SCE 1 mol L-1 KOH -0.2 at -0.40 VSCE -||- [73] 

CuO irregular nanorods (> 3 eV) -0.24 vs. SCE 1 mol L-1 KOH -0.3 at -0.40 VSCE -||- [73] 

CuO nanorods (1.74 eV) -0.17 vs. SCE 1 mol L-1 KOH -0.6 at -0.4 VSCE -||- [73] 

CuO nanorods (1.74 eV) - 0.5 mol L-1 Na2SO4 -0.6 at -0.4 VSCE -||- [73] 

CuO nanorods (1.8 eV) -0.13 vs. SCE 1 mol L-1 KOH -0.9 at -0.55 VSCE -||- [72] 

CuO nanowires (1.35 eV) - 0.5 mol L-1 Na2SO4 -1.3 at -0.4 VAg/AgCl -|| 1.3 [70] 

CuO grains (1.4 eV) - 0.5 mol L-1 Na2SO4 -0.5 at -0.5 VAg/AgCl -||- [207] 

CuO nanoparticles (1.44 eV) 0.1 vs. Ag/AgCl 1 mol L-1 KOH -0.5 at -0.2 VAg/AgCl -||0.91 [208] 

CuO microcrystals (1.28 eV) 0.3 vs. Ag/AgCl 0.5 mol L-1 Na2SO4 1.2 at -0.55 VAg/AgCl -||- [209] 

CuO nanoplates (1.31 eV)* - 0.1 mol L-1 Na2SO4  120 μA at 0 VAg/AgCl 80||- [210] 

CuO thin film - 0.1 mol L-1 Na2SO4 -2.5 at 0 VRHE 70||- [211] 



 

 

 CuO thin film  - 0.1 mol L-1 Na2SO4 -1.7 at 0 VRHE 70||- [212] 
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p-CuO@n-CuWO4 0.33 vs. Ag/AgCl 0.5 mol L-1 Na2SO4 -0.5 at -0.6 VAg/AgCl -||- [213] 

p-CuO:Al@n-ZnO:Al 0.53 vs. RHE 0.1 mol L-1 Na2SO4 -1.7 at 0.3 VRHE 85||- [214] 

Cu@Cu2O@CuO - 50 mmol L-1 Na2SO4 -1.5 at 0 VRHE 74||- [215] 

ZnO@CuO branched nanowires - 0.25 mol L-1 Na2SO4 -1.3 at -0.4 VAg/AgCl -||- [71] 

WO3@CuO 0.05 vs. Ag/AgCl 0.5 mol L-1 Na2SO4 -0.3 at -0.7 VAg/AgCl 30||- [216] 

CuO@ZnO - 0.5 mol L-1 Na2SO4 -8.1 at 0 VRHE 69||- [217] 

Cu2O@CuO - 1 mol L-1 Na2SO4 -2.1 at 0 VRHE 54||- [131] 

Cu2O@CuO 0.8 vs. RHE 0.5 mol L-1 Na2SO4 -3.2 at 0.4 VRHE -||- [218] 

Cr2O3@CuO -0.01 vs. SCE 0.5 mol L-1 Na2SO4 -1.3 at -0.6 VSCE -||- [219] 

ATO@CuO - 0.5 mol L-1 Na2SO4 -4.6 at 0 VRHE 65||- [220] 

Cu2O@CuO 0.68 vs. RHE 1 mol L-1 Na2SO4 -1 at 0 VRHE -||- [221] 

Cu2O:Sb@Cu2O@CuO 0.83 vs. RHE 1 mol L-1 Na2SO4 -2.8 at 0 VRHE 12||- [221] 

 Cu2O@CuO@Al2O3:TiO2 - 1 mol L-1 Na2SO4 -0.6 at 0 VRHE 64||- [221] 
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Cu2O:Sb@Cu2O@CuO@Al2O3:TiO2 - 1 mol L-1 Na2SO4 -1.1 at 0 VRHE 62||- [221] 

Cr2O3@CuO:Ni 0.15 vs. SCE 0.5 mol L-1 Na2SO4 -2.6 at -0.6 VSCE -||- [219] 

Cu2O@CuO:Ni - 1 mol L-1 Na2SO4 -4.3 at 0 VRHE  88||- [131] 

CuO@TiO2:Pt - 1 mol L-1 PB 0.1 at 0 VRHE -||- [222] 

CuO@CdS@TiO2 - 1 mol L-1 PB 0.3 at 0 VRHE -||- [222] 

CuO@CdS@TiO2:Pt 0.45 vs. RHE 1 mol L-1 PB 1.3 at 0 VRHE 100||100 [222] 

CuO@CuBiO4:Pt 
- 

0.3 mol L-1 K2SO4 + 
0.1 mol L-1 PB 0.8 at 0 VRHE 

60||- [223] 

CuO@Al2O3 - 1 mol L-1 KOH -2.3 at -0.6 VSCE -||1.6 [224] 

CuO:Pd 
0.15 vs. SCE 

0.2 mol L-1 H2BO3
-

/H3BO3 -0.8 at -0.35 VSCE 
50||- [205] 

Cu:Pt 0.7 vs. RHE 1 mol L-1 Na2SO4 -1.4 at 0 VRHE 80||- [193] 

Most of the reported photo-onset potential and photocurrent density values are estimated from the linear sweep voltammograms presented in the respective reference, and they 

are approximate. PB means phosphate buffer. *Light power density of 120 mW cm-2 with a wavelength of 564 ± 60 nm.
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1.7 Photoelectrolysis cell configurations 

As mentioned in section 1.1, the development of the modern industrial society has been 

mainly based on the conversion of the chemical energy stored in carbon-based fossil fuels 

into heat, work and CO2.[225] Obviously, continuing by this way the CO2 levels in the 

atmosphere are still increasing, which clearly poses an increasingly serious threat to our 

future. Engineering artificial photosynthetic systems in order to afford the efficient and 

economical conversion of abundant solar energy into chemical fuel, on a scale that allows 

to supply the global energy demand, is an extremely important step towards the realization 

of a sustainable carbon-neutral society.[226,227]  

Electricity generation by photovoltaic systems is already well established, particularly in 

Europe, where Germany generates over 5 % of its total electricity by PV in 2013. With the 

continuous growth of PV installations world-wide, the generation of a terawatt scale by 

means of PV generation would be achieved by 2050.[228] However, although the electricity 

generation by means of solar energy is a step forward, it does not address the problem 

that the majority part of fossil fuels consumption is related to transport. Nowadays (2019) 

the crude oil price is at around 70 $ per barrel[229] (compared with under 3 $ per barrel 

reported by Fujishima and Honda[10] in 1972 and 50 $ per barrel reported by L. M. Peter[225] 

in 2015) in addition to CO2 emissions, the economic and environmental arguments for a 

renewed effort to devise viable ways of creating solar fuels have never been stronger. For 

that purpose, seeking in devices able to convert solar energy into high energy chemical 

fuels is a necessity. One of the most promising methodologies is, as mentioned in section 

1.1 and 1.4, the splitting of water into hydrogen (H2) and oxygen (O2) using solar energy.[10] 

The overall electrochemical reaction of water splitting consists of both, reduction and 

oxidation half-reactions as follows: 

 2H
+
+ 2e

-
 → 2H2 E

H
+
/H2

0
= 0.00 V vs. RHE 1.30 
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 2H2O+ 4h
+
 → O2+ 4H

+
 EO2/H2O

0
= 1.23 V vs. RHE 1.31 

The overall reaction is: 

 2H2O → O2+ 2H2 E
0
= -1.23 V    1.32 

Different photoelectrochemical devices for water splitting can be employed to drive the 

process. The basic configuration includes one-sided light-absorption semiconductor either 

a photocathode or photoanode to perform water reduction or oxidation respectively. In 

section 1.4 the requirements that these materials must have were enumerated. Otherwise, 

any unfulfilled aspect must be rendered by external electric energy. Highly efforts are 

ongoing to design devices which fulfil these criteria, focusing principally on: (i) PEC tandem 

cells; (ii) PV-PEC devices and (iii) PV-Electrolyzer hybrid devices, which are depicted 

Figure 1.26 . 

 

Figure 1.26. Device configuration for unassisted water splitting: (a) PEC-PV device, (b) PV- electrolyzer, and 
and (c) PEC tandem cell.  

 In the following, the above-mentioned devices are briefly described.  

1.7.1 Photoelectrochemical-Photovoltaic device 

This configuration for unassisted water splitting consists of an integrated PEC cell and a 

PV device, as shown in Figure 1.26a. In this coupling, the solar beam passes through the 

photoelectrode (photoanode or photocathode) and reaches the rear PV element, the 

majority carrier (electrons or holes) photoinduced in the PEC electrode recombines with 

that from the PV component, and the minority carrier contributes to the half-reaction of 
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water splitting. The remaining carrier from the PV device is transferred to the counter 

electrode (cathode or anode) for completing water splitting.[230] In this configuration, the 

band gap energy levels of the PEC electrode do not determine water splitting, the PV cells 

supplying the needed potential; therefore, there are no limitations in selecting the 

material.[62] However, the photoelectrode has to meet the requisite to be supported on a 

transparent substrate in order to facilitate the light harvesting by the PV device.  

The first PEC-PV device for hydrogen production via water splitting was developed in 

1998, using GaInP2/GaAs, achieving an efficiency higher than 10 %.[231] The highest 

efficiency was recently achieved through the fabrication of an integrated system with Ni 

electrodes and multijunction GaInP/GaAs/Ge solar cell, delivering solar water splitting 

efficiencies of about 22.4%.[232] However, despite of the high efficiencies reached, the 

associated cost of fabrication of PEC-PV systems, which leads to continue seeking into 

cost-effective systems to produce H2. 

1.7.2 Photovoltaic-Electrolyzer device 

This configuration is shown in Figure 1.26b. In this case, in contrast to PEC-PV devices, 

the PV element is the only light absorber generating charge carriers (electricity) that are 

transferred to the electrolyzer. The PV device supplies direct current to facilitate the 

reduction reaction at the cathode, and thus, the oxidation reaction at the anode. In these 

devices, the PV element is physically isolated from the electrolyte in order to avoid the PV 

degradation by the aqueous solution. Analogously to the previous case, the PV supplies 

the required voltage to the electrolyzer.[230] The maximum theoretical STH efficiency for 

these devices is ~57 %.[233] To the date, the maximum STH efficiency reported is 30% for 

a two polymer electrolyte membrane electrolyzers in series with one 

InGaP/GaAs/GaInNAsSb triple-junction solar cell.[12]  
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1.7.3 Photoelectrochemical tandem cell 

Finally, a PEC tandem cell is depicted in Figure 1.26c. In this case, the device is composed 

of two-sided light absorption electrodes, concretely a p-type photoanode (where water 

oxidation takes place, generating O2) and an n-type photocathode (where hydrogen 

evolution takes place). These devices have an improved overall efficiency due to the two 

different band gaps employed, which can be smaller since each one only has to support a 

half-reaction. Furthermore, the smaller band gaps could increase the light absorption of 

visible region, which represents the majority of photon flux from the sun. More importantly, 

this type of water splitting cell generates enough photovoltage to drive the hydrogen 

evolution reaction. In these devices, the conduction band of the photoanode must lie at 

lower or similar potentials than the valence band of the photocathode, as shown in Figure 

1.27. 

 

Figure 1.27. Sketch of a tandem cell device in a wired configuration. 

In the following, the working principle of the tandem cell for water splitting using a 

photoanode with a band gap energy ɛg,1 and a photocathode with a band gap energy ɛg,2, 

where ɛg,1 > ɛg,2, is described. Due to the absorption of a solar photon, an electron from the 

valence band is promoted to the conduction band, leaving behind the corresponding hole. 

The electric field in the depletion layer physically separates these charges, and, in the 
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photocathode, the electrons in the conduction band reach the semiconductor-liquid 

junction to drive the reduction of H+ to H2 at an active site. Analogously, in the photoanode, 

the holes in the valence band drift to the semiconductor-liquid junction and oxidize H2O to 

O2. Additionally, the electrons in the conduction band of the photoanode travel through the 

external circuit to recombine with the holes in the valence band of the photocathode. [226] 

To avoid the recombination of the products generated (i.e. oxygen and hydrogen), a 

membrane located between both electrodes should be employed. 

 

Figure 1.28. Scheme showing the different illumination modes in PEC cells; (a) tandem illumination mode 
(mode T), and (b) parallel illumination mode (mode P). 

Two different configurations of PEC tandem cells are available, one is in serie, named 

tandem illumination mode (mode T) and the other is side-by side, named parallel 

illumination mode (mode P), both depicted in Figure 1.28a and Figure 1.28b 

respectively.[234] In mode P each photoelectrode is exposed to the full solar spectrum 

without requiring a transparent substrate, while in mode T the solar energy is efficiently 

utilized, the incident beam arrives to a large band gap photoanode which absorbs the high-

energy portion of the incoming solar irradiation and transmits the remainder to the 

photocathode. Therefore, it can be said that the configuration in mode T with wireless 

configuration could be a promising candidate for commercial applications due to both, the 

increase photopotential and the huge amount of light harvested by the device. [226,230] 

Moreover, this wired PEC tandem cell with T illumination mode is preferred over the 

wireless cells designs (in which the photoanode and photocathode are directly joined back-
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to-back) as it minimizes the distance for ions to travel in the electrolyte. It is important to 

highlight that the word tandem in this field, always refers to a cell formed by two 

photoelectrodes illuminated in serie. 

The main advantages and challenges of the different photoelectrolysis cell configurations 

are gathered in Table 1.3. 

Table 1.3. Advantages and challenges of the different photoelectrolysis cell configurations described above. 
Adapted from [230].  

Parameters under 

comparison 

DEVICE 

PEC tandem cell PEC-PV PV-Electrolyzer 

Semiconductor type Anode is n-type, 

cathode is p-type 
No requirements No requirements 

Band edge (BE) 

BE of anode satisfies 

water oxidation, BE of 

cathode satisfies water 

reduction 

BE satisfies either 

water oxidation or 

reduction at least 

No requirements 

Band alignment Ohmic contact No requirements No requirements 

Light absorption 
Adequate 

transmittance 

Adequate 

transmittance 
No requirements 

Counter catalyst Not necessary Necessary Necessary 

Bias of PV No requirements No requirements > 1.6 eV 

Number of PV No requirements ≥ 1 ≥ 2 

Charge transport High loss High loss Low loss 

Photoconversion 

efficiency 
Low Medium High 

Material cost Low Medium High 

Stability High Medium/Low High/Medium 

Maximum theoretical 

STH 
29.7 % 20 % > 20 % 

Obtained STH 2.5 %[234] 6.3 %[235]  10 %[236]  

 

At this point, the importance of the efficiencies of the devices should be highlighted. The 

most common approach to quantify the performance of water splitting devices is the solar-

to-hydrogen (STH) efficiency. It can be expressed in terms of voltage, current density and 

Faradaic efficiency for hydrogen generation as: 
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 STH (%)=
j
ph

1.23 η
F

Psolar

·100 1.33 

where jph is the operating photocurrent density measured in mA·cm-2, ηF is the Faradaic 

efficiency, and Psolar is the irradiance power density in mW·cm-2. Additionally, in the case 

of applied bias, the conversion efficiency is defined through the applied bias photon-to-

current efficiency (ABPE): 

 ABPE (%)=
j
photo

( 1.23 - Vbias)

Psolar

·100 1.34 

   

where Vbias is the applied bias. 

Finally, a summary of various photoelectrolysis cell configurations, employed materials 

and efficiencies is presented in Table 1.4. 

Table 1.4. Different photoelectrolysis cell configurations gathering materials, cell type and solar-to-hydrogen 
efficiency. 

Materials Cell type STH / % Ref. 

p-GaP/TiO2 PEC tandem cell < 1 [237] 

p-GaP/Fe2O3 PEC tandem cell 0.01 [238] 

p-InP/GaAs:MnO2 PEC tandem cell 8.2 [239] 

BiVO4/Cu2O PEC tandem cell 0.50 [60] 

Cu2O:Cu2S/ZnO:CdS PEC tandem cell 0.38 [240] 

BiVO4/(Ag,Cu)GaSe2 PEC tandem cell 0.67 [241] 

Fe2O3:NiFeOx/aSi:TiO2:Pt PEC tandem cell 0.91 [116] 

FeOOH:BiVO4/Si:Pt PEC tandem cell 2.5 [234] 

DSSC/WO3 Photoanode-PV 3.10 [242] 

DSSC/Fe2O3 Photoanode-PV 1.17 [242] 

CH3NH3PbI3/Fe2O3 Photoanode-PV 2.40 [243] 

CH3NH3PbI3/WO3 Photoanode-PV 3.00 [244] 
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CH3NH3PbI3/NiFe(LDH) Photoanode-PV 12.3 [245] 

(2)DSSCs/Fe2O3 Photoanode-2PV 1.36 [246] 

(2)Si:Ge/WO3 Photoanode-2PV 0.7 [247] 

p-GaInP2/p-n-GaAs Photocathode-PV 12.4 [231] 

AlGaAs/Si 2PV 18 [52] 

p/n-GaInP/GaAs 2PV-E 16.5 [248] 

where a means amorphous, DSSC corresponds to Dye Sensitized Solar Cell and (2) implies two photovoltaic 

cells.  
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Herein, the main techniques and experimental procedures employed to perform the 

studies carried out in the context of this thesis are described. First, an in-depth description 

of the preparation of the different electrodes studied is reviewed. Second, the experimental 

setups used to carry out the measurements are presented. And finally, brief descriptions 

of the bases of the electrochemical, spectroscopic and microscopic techniques used are 

given. 

2.1 Preparation of electrodes 

In the following section, the methodologies followed for the preparation of nanostructured 

hematite and cupric oxide electrodes are described in detail. Additionally, the different 

strategies followed in order to modify these materials are presented. 

All the solutions were prepared with deionized water with a resistivity higher than 15 

MΩ·cm.  

It is important to highlight that, for photoelectrochemical applications, transparent 

substrates should be employed. The most commonly used substrates are composed by a 

glass sheet covered with a thin film of F:SnO2 (FTO) or In2O3:SnO2 (ITO). They present 

high transparency, high conductivity and, what is more important, weak absorption in the 

visible. Although both substrates could be considered for such applications, FTO presents 

several advantages over ITO such as (i) higher stability, (ii) wider potential window and, 

(iii) higher glass transition temperature. FTO was chosen as a substrate for all the samples 

prepared in the course of this thesis because of the above mentioned advantages. 

2.1.1 Synthesis of (110) hematite photoanode electrodes 

The methodology employed to synthesize the (110) oriented hematite nanorods is based 

on the work previously reported by Vayssieres et al.[1] who proposed a synthetic route to 

control growth from aqueous solution. 
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The synthesis is based on a chemical bath deposition procedure followed by a thermal 

treatment. The experimental procedure consists of adding ferric chloride and sodium 

nitrate into a regular stopped flask containing fluorine tin oxide substrates (FTO). 

Subsequently, the flask is heated in a regular stove at 100 ºC for 6 h. Finally, a thermal 

treatment in air at 600 ºC for at least 1 h is required to obtain the thermodynamically stable 

crystallographic phase of ferric oxide (hematite), with a nanorod-based morphology. A 

scheme of the process is shown in Figure 2.1 

 

Figure 2.1. Scheme of the synthetic route employed to prepare pristine hematite electrodes. (1) Cleaned 
substrates, (2) covered substrates with Teflon, leaving a naked area of 1.2 cm2, (3) immersed substrates in a 
chemical bath containing Fe3+ at 100 ºC for 6 h, (4) resulting films of α-FeOOH with yellow coloration, (5) α-
Fe2O3 film obtained after a thermal treatment for 1 h at 600 ºC, (6) sheets cut to obtain electrodes of 3.5 x 1 
cm with an active area of 1.2 cm2 each. 

After having cleaned the FTO substrates by sonicating them for 10 minutes in deionized 

water and 10 minutes in a mixture 50:50 acetone:ethanol, the substrates were dried in air 

at room temperature (RT) and, subsequently, covered with Teflon leaving a free area of 

1.2 cm2. A regular stopped flask was filled with 100 mL of  an aqueous solution containing 

0.15 mol L-1 ferric chloride (FeCl3·6H2O, Sigma-Aldrich, 99%) and 1 mol L-1 sodium nitrate 

(NaNO3, Panreac, 99%) into a regular stopped flask containing the FTO glass substrates 

almost vertically supported almost vertically on the flask wall orienting the conductive part 

of the FTO toward the flask walls, since the orientation of the FTO seems to play an 

important role in the synthesis The flask was heated at 100 ºC for 6 h in a regular stove 

and, after that, thin films of α-FeOOH were obtained. After removing the Teflon tape and 
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cleaning the electrodes with deionized water, a thermal treatment at 600 ºC for 1 h was 

applied for obtaining the thermodynamically stable crystallographic phase of iron oxide (α-

Fe2O3). To increase the reproducibility of the synthesis, home-made taps were used to 

achieve the same vertical orientation in each synthesis. Moreover, to scale up the 

synthesis, a larger regular stopped flask was also used. Both the home-made tap and the 

regular stopped flask are shown in Figure 2.2 . 

 

Figure 2.2. Images of the regular stopped flasks employed for the hematite synthesis (250 mL and 100 mL) 
and the home-made tap.  

As mentioned in Chapter 1, hematite is a promising photoanode for photoelectrochemical 

water splitting due to its abundance, stability, low cost and favorable band gap. [2-4] 

However its use is limited because of its high recombination rate, low carrier mobility, slow 

carrier transfer and relatively weak light absorption.[2,5-10] These limitations imply that 

different modification strategies should be applied before hematite can be used in practice.  

In this regard, simple and novel strategies for improving the water photooxidation capability 

of hematite nanorod electrodes have been studied in this thesis. A brief description of the 

methodologies employed is reported below. 
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2.1.1.1 Modification by impregnation  

The simplest and easiest methodology employed to modify the hematite electrodes by 

impregnation is based on the drop-casting technique. It consists in dropping a small 

volume of a precursor solution on a delimited area of the hematite thin film. The solvent 

excess is evaporated under ambient conditions or with mild heating. In order to incorporate 

the precursor into the material, a heat treatment at a particular temperature is needed. 

This methodology allows for a direct control of the deposited modifier by setting the 

concentration and volume of the modifier precursor solution. Two alternatives have been 

studied to incorporate different amounts of modifier: (i) varying the precursor 

concentration, and (ii) adding droplets with a fixed amount of precursor stepwise until 

attaining the desired loading. After each addition, a mild heat treatment is applied. This 

methodology has been carried out to modify hematite with molybdenum and 

ytterbium.[11,12]  

This methodology was employed to modify hematite in Chapters 3 and 5, in which the 

particular experimental details are given. 

2.1.1.2 Modification by precursor addition to the chemical bath  

An alternative way to modify hematite and incorporate metal ions to improve its 

conductivity consists in introducing the precursor into the chemical bath solution, which 

would represent a simple, low-cost and scalable methodology for the preparation of metal-

modified hematite films. The final morphology, size and orientation of the resultant 

hematite nanostructures depend on growth conditions that are expected to change upon 

the addition of a second metal precursor to the chemical bath. In Chapter 4, this strategy 

was followed using molybdenum as a modifying agent.[13] As described in Chapter 4, 

different Mo/Fe molar ratios ranging from 0 to 0.1 were present in the chemical bath. 
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2.1.1.3 Modification by spraying 

A different alternative was used to modify pristine hematite electrodes, as reported in 

Chapter 8. In such a case, the modification was achieved by spraying a precursor solution 

prepared in i-propanol onto the hematite electrodes. The coated electrode was dried at 70 

ºC on a vertical hot plate during the spraying. Finally, a thermal treatment was needed to 

incorporate the modifier into the oxide structure.[14] 

2.1.2 Synthesis of cupric oxide photocathode electrodes 

The methodology used to synthesize electrodes made of cupric oxide nanowires (NWs) 

consists of three consecutives steps: (i) copper metal electrodeposition following the 

strategy presented by Kang et al.,[15] (ii) chemical oxidation as proposed by Lin et al.,[16] 

and finally a thermal treatment. The scheme of the synthetic route is shown in Figure 2.3.  

 

Figure 2.3. Scheme of the synthetic route employed to obtain pristine cupric oxide electrodes. (1) Cleaned 
substrates covered with scotch tape, leaving a naked area where electrodeposition takes place, (2) 
electrochemically deposited copper metal film after 1 h at -0.3 V vs. Ag/AgCl, (4) copper film as 
electrodeposited, (5) NWs of Cu(OH)2 obtained upon chemical oxidation and, (5) NWs of CuO obtained upon 
thermal treatment for 1 h at 450 ºC in air. 

After cleaning the FTO substrates as previously described in section 2.1.1, the substrate 

was covered with scotch tape, leaving exposed the area for copper electrodeposition. The 

electrodeposition was carried out in a three-electrode set up by employing as a cathode 

an FTO substrate, a copper foil as an anode and as a reference an Ag/AgCl/KClsat 

electrode (see Figure 2.4a and b). The electrodeposition of copper was carried out at -0.3 
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V vs. Ag/AgCl/KClsat for 1 h from an aqueous solution containing 0.1 mol L -1 

Cu(NO3)2·3H2O (Labkem, Analytical Grade ACS), and 3 mol L-1 lactic acid (Sigma-Aldrich, 

85%) adjusted at a pH of 5 by adding NaOH pellets (Panreac, 98%). After rinsing with 

water, the obtained Cu films were chemically oxidized by immersion in a solution 

containing 2.5 mol L-1 NaOH (Panreac, 98%) and 0.125 mol L-1 (NH4)2S2O8 (Sigma-Aldrich, 

98%) (see Figure 2.4c). After 5 min the films were removed from solution, rinsed with water 

and ethanol, and dried at room temperature. Upon chemical oxidation, Cu(OH)2 nanowires 

were formed, changing the color of the film from metallic orange to blue light as shown in 

Figure 2.4d.[16] Finally, the samples were thermally treated at 450 ºC for 1 h in a 

conventional oven in air, obtaining CuO NWs.[17]  

 

Figure 2.4. (a) Experimental set-up employed to synthesize cupric oxide nanowires; (b) three-electrode 
electrodeposition employing an Ag/AgCl/KClsat electrode as a reference, copper foil as an anode and FTO 
substrate as a cathode; (c) immersion of the copper film in the oxidant solution and (d) samples resulting after 
each step of the synthesis.  

As previously mentioned in Chapter 1, although copper (II) oxide seems to be one the 

most promising candidates to be employed as a photocathode, an appropriate modification 

should be done in order to increase its stability against photocorrosion. In this thesis, two 

low-cost and effective strategies have been studied, one based on impregnation and the 

other based on adsorption of the modifier. 
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2.1.2.1 Modification by impregnation 

The impregnation methodology employed is based on drop-casting, previously described 

in this chapter for hematite modification. Details can be found in Chapters 6 and 8. 

Two strategies have been followed when using this methodology. One consists in applying 

the total amount of precursor in one droplet, while the other consists in diluting by a factor 

1:n the precursor solution, applying n droplets of this solution, and drying at 90 ºC for 10 

min between successive additions.[14,17]  

2.1.2.2 Modification by adsorption 

The stabilization of copper (II) oxide was also carried out by employing a simple and 

straightforward adsorption methodology. The precursors employed were the 

corresponding acetylacetonates dissolved in i-propanol. This modification, employed in 

Chapter 7, consists in immersion into the precursor solution for 5 min followed by rinsing 

the electrodes in i-propanol for 15 min. After the adsorption procedure, two alternatives 

routes were proposed, one consisting in a thermal treatment (at different times and 

temperatures) and the other without thermal treatment. A scheme of the procedure 

followed is shown in Figure 2.5. 

 

Figure 2.5. Sketch illustrating the adsorption procedure with cupric oxide photocathodes. (1) Cupric oxide 
NWs electrode; (2) immersion in the precursor solution; (3) after 5 min, metal precursor is adsorbed; (4) rinse 
in i-propanol for 15 min and, (5) drying at RT with/without a subsequent thermal treatment. 
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2.2 (Photo)electrochemical cells and illumination sources 

In this section, an outline of the equipment employed to carry out the (photo)electro-

chemical measurements including the sources of illumination is presented. 

A standard three-electrode cell that can work both under illumination and in the dark was 

employed. A scheme of the system is shown in Figure 2.6. It consists of the working 

electrode (WE), the reference electrode (RE) and the counter electrode (CE), all of them 

immersed in the working electrolyte solution. A RE with a well-known and stable potential 

is needed in order to measure the working electrode potential. A bias between WE and 

RE is applied with the potentiostat, enabling to control the processes occurring at the WE. 

The main objective of the CE is to close the circuit and, thus, it sustains a process coupled 

(reduction or oxidation) to that taking place at the WE (oxidation or reduction).[18,19]  

  

Figure 2.6. Scheme of a three-electrode cell. WE: working electrode, RE: reference electrode and CE: 
counter-electrode. 

The (photo)electrochemical cell employed is shown in Figure 2.7. As observed, it is a 

three-electrode cell that can work either under illumination or in the dark. It consists of two 

compartments filled with the working electrolyte (N2-purged 1 mol L-1 NaOH), one including 

the WE and CE and the other for the RE. Both compartments are joined through a porous 

glass plate. The system allows to purge the electrolyte by letting the gas flow through the 

electrolyte. After purging for at least 30 min, the gas flow is allowed through the head space 
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of the cell when the measurements are carried out, avoiding the entry of air in the cell. To 

properly illuminate the sample, the cell is equipped with a fused quartz window.  

The counter electrode employed in all the measurements performed in this thesis was a 

Pt wire, while a Ag/AgCl/KClsat electrode was used as a reference. Taking into account 

that the reversible potential of Ag/AgCl/KClsat is 0.197 V versus the standard hydrogen 

electrode (SHE), the potentials measured vs. Ag/AgCl can be easily converted into the 

reversible hydrogen electrode (RHE) scale according to the equation: 

 ERHE = EAg/AgCl + 0.197 + 0.059 pH 2.1 

 

Figure 2.7. Standard three-electrode cell employed in PEC measurements. (1) WE, (2) Pt wire as CE, (3) 
Ag/AgCl/KClsat as RE, (4) quartz window, (5) gas inlet, (6) gas outlet, (7) UV radiation filter, (8) IR radiation 
water filter and (9) Hg(Xe) 1000 W lamp. The electrolyte employed was N2-purged aqueous 1 mol L-1 NaOH.  

Additionally, a tandem solar cell configuration was also employed during this thesis. The 

experimental setup consists in an alkaline polymer electrolyte membrane (PEM) 

sandwiched between a photoanode and a photocathode. Either ultrathin films of deposited 

ionomer dispersions or small volumes (µL) of aqueous KOH are used to improve the 

contact between electrodes and PEM. Figure 2.8 shows the tandem cell configuration 

(more details can be found in Chapter 7). 
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Figure 2.8. Scheme of the tandem devices studied.  

Three different electrolytes have been employed depending on the measurement and 

sample involved: 1 mol L-1 NaOH (Chapters 3, 4, 5, 6 and 8) and 0.1 mol L-1 KOH (Chapter 

7) aqueous solutions, and an alkaline membrane FAA-3-20 (Chapter 8). In all the cases, 

the aqueous electrolytes were prepared using deionized water with a resistivity higher than 

15 MΩ cm, and purged with N2 for 30 min before measurements, keeping a N2 flow over 

the solution during the experiments.  

To perform the photoelectrochemical measurements, a 1000 W ozone-free Xe(Hg) arc 

lamp (ORIEL Newport 66921 power 450−1000 W), a solar simulator SUN 2000 AM 1.5G 

(Abett Technologies, power 550 W) and an Oriel solar simulator with an emission spectrum 

corresponding to the AM 1.5G, were used as illumination sources. The arc lamp was 

equipped with both a radiation cutoff filter (Newport FSR-KG3 λ ≥ 350 nm) and a water 

filter to suppress IR radiation. Figure 2.9 displays the corresponding irradiance spectra, 

obtained by employing the spectrometer StellarNet model Blackcomet. 
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Figure 2.9. Measured spectral intensity for the different illumination sources employed: (a) 1000 W ozone-free 
Xe(Hg) arc lamp with the water filter and with/without the radiation cutoff filter, and (b) solar simulator AM 1.5G. 

2.3  (Photo)electrochemical methods 

In the following sections, the (photo)electrochemical techniques employed to evaluate the 

photoelectrochemical performance of the chosen materials are briefly described. [20] Most 

of the (photo)electrochemical experiments were carried out by using a computer-controlled 

Autolab PGSTAT30 potentiostat.  
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2.3.1 Cyclic and linear voltammetry 

Potential sweep techniques are widely used because they provide, in an straightforward 

way, preliminary information about electrochemical processes. [21,22] Among them, cyclic 

voltammetry (CV) is one of the most common techniques. It is based on a linear variation 

of the working electrode potential between two limits, while the current flowing between 

WE and CE is recorded.[18] First, the applied potential is varied from the initial potential E1 

to E2 at a constant scan rate in V s-1 and, after having reached E2, the potential is swept in 

the opposite direction, from E2 to E1 (Figure 2.10a). Usually, this procedure is repeated 

subsequently multiple times. The resulting current vs. potential plot is known as cyclic 

voltammogram (Figure 2.10b). Generally, the current is normalized to the geometric area 

of the electrode and it is referred to as current density (j). Additionally, the other potential 

sweep technique is the linear sweep voltammetry (LSV) which is essentially equal but 

removing the reverse scan. 

 

Figure 2.10. (a) Scheme of the variation of potential with time during a cyclic voltammogram. (b) Voltammetric 
response for a reversible redox process during a single cycle. 

CV allows to distinguish between the electrochemical processes that take place at the 

electrode interface, which can be divided into Faradaic and non-Faradaic processes. 

Processes involving a redox reaction at the electrode surface and resulting in charge 

transfer across the electrode-electrolyte interface are defined as Faradaic processes. A 
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redox reaction can be expressed as Ox + nee- ⇌  Red, where Ox and Red are the oxidized 

and reduced forms of the redox couple, respectively, while ne corresponds to the number 

of electrons transferred in the process. These reactions are governed by Faraday’s law: 

 |j
F

| = |
dQ

dt
| = neF |

dn

dt
| = neFv 2.2 

where jF is the Faradaic current density, Q is the charge involved in the Faradaic process, 

ne is the number of electrons exchanged, n is the number of moles that have reacted, and 

v is the reaction rate per geometric unit area. As observed, for purely Faradaic processes, 

the current can be directly related to the reaction rate.  

 If electron transfer in both directions (forward and reverse) is fast, the process is 

considered as reversible, whereas the process should be considered as irreversible when 

one of the processes is substantially faster than the other. When Faradaic reactions are 

finally diffusion-controlled processes, the peak current obtained is proportional to the 

square root of the scan rate, following the equation of Randles-Sevcik defined at 25 ºC by: 

 ip= 2.99·10
5
ne(αnα)

1/2
AD

1/2
Cvsr

1/2
 2.3 

where ip is the peak current in ampers, ne is the number of electrons transferred in the 

redox process, α is the charge transfer coefficient, and nα is the number of electrons 

involved in the rate determining step of the electrodic process, A is the electrode area in 

cm2, D is the diffusion coefficient in cm2 s-1, C is the concentration in mol L-1 and vsr is the 

scan rate in V s-1.  

On the other hand, non-Faradaic processes take place when there is no charge transfer 

across the interface and the current is due to the charge/discharge of the double layer 

accompanied by the adsorption/desorption of ions on/from the electrode surface. Those 

processes give rise to a linear relationship between current and scan rate, as shown in 

Equation 2.4: 
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 j
C

= C
dE

dt
= Cvsr 2.4 

where jc is the capacitive current density, C is the capacitance per geometric unit area and 

vsr is the scan rate. 

It is important to distinguish between capacitive processes exclusively associated with the 

charge/discharge of the double layer and, pseudo-capacitive processes, which, in the case 

of semiconductor electrodes, may be also accompanied by a change in the degree of 

occupancy of surface states (either intrinsic or extrinsic). 

In the context of semiconductor electrochemistry, dark voltammetry is mainly employed to 

characterize the charge accumulation region. These measurements may provide 

information about the approximate positions of the conduction band and valence band 

edges for n- and p-type electrodes, respectively. Moreover, CV may also provide 

information about the density of states within the band gap near the band edges. In 

addition to the electrostatic charge/discharge of the double layer, pseudo-capacitive 

processes such as electrosorption and intercalation can also take place in the charge 

accumulation region. This is particularly important in the case of nanostructured 

electrodes, for which the real interfacial area is very large. 

In addition, to characterize the photoactivity of the employed materials, LSV is performed 

both under transient and continuous illumination. Evaluating the photocurrent as a function 

of potential also provides insights about the location of the onset of photocurrent (Ephoto-

onset), defined as the potential at which photocurrent first appears. 

These techniques, CV and LSV, have been employed in Chapters 3 to 8, in which the 

corresponding experimental details are described. 
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2.3.2 Chronoamperometry 

This technique consists in recording the current flowing between CE and WE as a function 

of time while applying a constant potential to the WE. The chronoamperometry could be 

measured in the dark and under both transient or continuous illumination conditions.  

Chronoamperometry under transient illumination is widely used in photoelectrochemistry. 

The procedure consists in applying a constant potential (positive to the photo-onset for an 

n-type electrode, negative to the photo-onset for a p-type electrode) while the current is 

initially recorded in the dark. Subsequently, light is turned on and the current increase 

(photocurrent) is measured. After a certain period of time, light is interrupted and the dark 

current is recorded again. The difference between the dark current and the current 

obtained under illumination is named photocurrent. 

Figure 2.11 displays schematic photocurrent transient chronoamperometries at three 

different potentials for a photoanode: (a) when the potential applied is less positive than 

the photo-onset, (b) when the applied potential is just above the photo-onset and (c) when 

the applied potential is significantly more positive than the photo-onset potential. 

 

Figure 2.11. Schematic photocurrent transients at three different constant applied potentials. (a) The applied 
potential is below the photo-onset potential, (b) the applied potential is slightly above the photo-onset potential 
and (c) the applied potential is significantly more positive than the photo-onset potential. The behavior shown 
corresponds to an n-type electrode. 

 When the applied potential is below the photo-onset, the material does not show any 

photoresponse, as shown in Figure 2.11a. However, when applying potentials higher than 
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the photo-onset potential, a non-stationary photocurrent is observed when the light is 

turned on (Figure 2.11b). After a period of time, the photocurrent tends to stabilize reaching 

finally a stationary value. The intensity of the spikes observed at the beginning and the 

end of the transient provides information about the surface recombination processes. In 

fact, the initial spike is normally associated with a fast trapping of minority carriers at 

surface states and the subsequent recombination with majority carriers, decreasing the 

current until a steady state is reached. In contrast, when the applied potential is well above 

the photo-onset, the photocurrent driving force is higher, diminishing thus surface 

recombination. The photocurrent spikes virtually disappear as shown in Figure 2.11c.  

This technique under illumination has been employed in Chapters 6 and 8 to analyze the 

stability of the devices under illumination. Additionally, chronoamperometry has been used 

in Chapters 4 and 5 to determine the changes undergone by surface states after hematite 

modification. 

2.3.3 Chronopotentiometry 

Chronopotentiometry consists in recording the electrode potential as a function of time 

when a constant value of current flows between WE and CE. It is important to mention that 

this technique provides information about the location of the band edges, the lifetime of 

the charge carriers, the concentration of accumulated charges and their reactivity toward 

the electrolyte species.[23] Open circuit potential (OCP) can be measured by 

chronopotentiometry at zero current. 

Analogously to photocurrent, photopotential is defined as the difference between the open 

circuit potential in the dark and under illumination. 

The OCP is linked to the Fermi level of the substrate (as mentioned above, in our case 

FTO). After having immersed the electrode in the electrolyte, the Fermi level of the 

semiconductor material is governed by the equilibrium with the species present in the 
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electrolyte (Red and Ox) as shown in Figure 2.12a. If no redox couple is present, the 

potential attains a stationary value known as rest potential. Subsequently, light is turned 

on and non-equilibrium values for the densities of holes and electrons are attained (that 

may be described with the concept of quasi-Fermi levels). As mentioned in Chapter 1, the 

photopotential is the difference between the quasi-Fermi level under illumination and the 

Fermi level in the dark, as illustrated in Figure 2.12b.  

Along this thesis, chronopotentiometry at constant current has been carried out only to 

determine the Faradaic efficiency for H2 evolution in Chapter 6. During this experiment, it 

was mandatory keeping identical cathodic currents for the electrodes being compared (Pt 

in the dark and CuO photocathode under illumination). 

 

Figure 2.12. Sketch of the band diagram for an n-type semiconductor on FTO with a redox couple in the 
electrolyte: (a) in the dark before reaching the equilibrium; (b) in equilibrium in the dark; (c) under illumination 
before reaching the quasi-equilibrium; and (d) under illumination in quasi-equilibrium with the appearance of 
the quasi-Fermi level. The photopotential (Eph) is given by the difference between the quasi-Fermi level upon 
illumination and the Fermi level in the dark.  

2.3.4 (Photo)electrochemical impedance spectroscopy 

Additional information on the electrode processes can be obtained by employing 

techniques in the frequency domain. In this context, Electrochemical Impedance 

Spectroscopy (EIS) is a powerful technique that provides information not only about the 

structure of the interphase and the carrier transfer kinetics, but also about the charge 

carrier density and the band edge location.[24-26]  
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Figure 2.13. (a) Current vs. potential curve for a certain electrochemical system together with a scheme 
showing the superimposed sinusoidal potential perturbation signal ΔE(t) with an amplitude E0 which produces 
a sinusoidal current response ΔI(t) with its corresponding amplitude I0; (b) sinusoidal waves for both ΔI(t) and 
ΔE(t) illustrating the difference in phase. 

The EIS technique is based on a small perturbation of the electrochemical system, as 

shown in Figure 2.13. The EIS experiments reported in this thesis have been done with 

the application of a sinusoidal potential perturbation: 

 ΔE(t) = E0 sin (ωt) 2.5 

where ΔE(t) is the applied potential perturbation as a function of time, E0 is the potential 

perturbation amplitude and ω is the angular frequency, which is related to the frequency 

by ω=2πf. Consequently, the generated current ΔI(t) has the same frequency but it is 

shifted in phase (ϕ) with respect to potential: 

 ΔI(t) = I0 sin (ωt + ϕ) 2.6 

where ΔI(t) is the current perturbation at a time t and I0 is the current perturbation 

amplitude. The impedance (Z) is defined as the ratio: 

 Z(t) = 
ΔE(t)

ΔI(t)
 2.7 

 Z(t) =
E0 sin (ωt)

I0 sin (ωt + ϕ)
= Z0

sin (ωt)

sin (ωt + ϕ)
 2.8 

The impedance can be expressed in complex notation as: 
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 Z(t) = Z0( cos ϕ + i sin ϕ) =Z´+ iZ´´ 2.9 

where i =√−1 , Z’ is the real part of the impedance and Z” is the imaginary part. 

The experimental procedure consists in subjecting the WE to a small sinusoidal potential 

perturbation for a wide range of frequencies and with a constant amplitude of 5-15 mV 

over-imposed to a constant bias potential. The resulting sinusoidal perturbation current is 

measured and analyzed. When the measurements are done under illumination, the 

technique is known as Photoelectrochemical Impedance Spectroscopy (PEIS). The 

Nyquist plot is the most common employed representation helping to analize not only the 

nature of the double layer phenomena but also the kinetics of the photoelectrochemical 

reactions. 

On the other hand, to obtain the capacitance of the electrode from impedance data, the 

frequency is kept constant while the potential is changed. The so-called Mott-Schottky 

equation is used with the aim of obtaining essential information about the charge carrier 

density and flat band potential. Usually, this measurement is done in the dark. 

In the following, additional information is given on the Mott-Schottky and the Nyquist plots. 

2.3.4.1 Mott-Schottky plot: constant frequency and variable potential  

The Mott-Schottky equation for an n-type semiconductor is given by: 

 
1

CSCR
2

=
2

ɛɛ0Nde
(Δϕ

SCR
-
kT

e
) 2.10 

where CSCR is capacitance of the space charge region, ɛ is the dielectric constant, ɛ0 is the 

permittivity of vacuum, Nd is the acceptor density (density of impurities) in the 

semiconductor, e is the elementary charge, ΔϕSCR is the inner potential difference between 

the semiconductor bulk and the semiconductor surface, k is the Boltzmann constant and 

T is the temperature. 
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The applicability of this equation is restricted to the condition CSCR<<CH, and thus, 

|ΔΔϕSCR|>>|ΔΔϕH|. That restriction implies that the electrode capacitance should coincide 

with the space charge layer capacitance. Therefore, changes in the applied potential are 

only translated to the space charge layer, while the potential drop in the Helmholtz layer 

would remain constant (BEP conditions). For that reason, it is possible to admit that ΔϕSCR 

= E - Efb, where Efb is the flat band potential and E is the applied potential, obtaining: 

 
1

CSCR
2

=
2

ɛɛ0Nde
(E - Efb-

kT

e
) 2.11 

This equation provides an easy way to determine both the flat band potential and the 

majority charge carrier density. 

Additionally, for the correct application of the Mott-Schottky equations, the following 

assumptions must be considered:[27-30]  

▪ Only one type of donor/acceptor impurity is present in the sample. The impurities 

are fully ionized and homogeneously distributed within the space charge region. 

▪ The resistance of the substrate and electrolyte are extremely low, and the 

measured capacitance is not distorted by any leakage current across the interface. 

▪ The measured capacitance does not include contributions from surface states, 

adsorption or the Helmholtz layer. 

▪ The dielectric constant of the material is frequency-independent. 

▪ The interface is completely planar and two-dimensionally infinite. 

For n-type materials, the representation of CSCR
-2

 vs E shows a straight line with a positive 

slope, whose intercept with the x-axis roughly corresponds to Efb, and ND can be extracted 

from the slope. The capacitance values are expressed in units of farads per area unit, 

following the equation: 

 
A

2

CSCR
2

=
2

ɛɛ0Nde
(E - Efb-

kT

e
) 2.12 
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It is important to highlight that the equations previously explained are only applicable for 

electrodes with negligible curvature.[12,30] In addition, it should be borne in mind that, if the 

electrodes employed present 3D morphologies, the real area is much larger than the 

geometric one. The roughness factor r connects both, real and geometric areas.[12]  

 r =
Areal

Ageom

 2.13 

As long as the characteristic dimension of the nano-objects (in the context of this thesis, 

nanorods and nanowires) is significantly larger than that of the space charge region, the 

Mott-Schottky equation should be re-written as: 

 
Areal

2

CSCR
2

=
2

r2ɛɛ0Nde
(E - Efb-

kT

e
) 2.14 

In the case of nanorods and nanowires, the roughness factor can be determined as: 

 r = 1 + 2πRhN 2.15 

where R is the average nanorod or nanowire radius, h is the average nanorod or nanowire 

height length and N is the average density of nanorods/nanowires per cm2. 

In this thesis, Mott-Schottky analysis has been performed for nanostructured electrodes 

by considering their correspondent roughness factors in Chapters 3, 4, 5, and 6, in order 

to determine flat band potentials and acceptor densities for both pristine and modified 

samples. 

2.3.4.2 Nyquist plot: constant potential and variable frequency 

As mentioned above, the Nyquist plots are the typical output of impedance data. In a 

Nyquist plot, minus the imaginary part of the impedance (-Z”) is plotted versus its real part 

(Z’). Each point represents the impedance at one frequency. Low frequency data are 

represented on the right side of the plot and high frequency data on the left. This plot is 

usually characterized by a single semicircle or a sequence of them, as exemplified in 
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Figure 2.14. In addition, straight lines can also appear linked to diffusion-controlled 

processes.[18,24,25,31]  

 

Figure 2.14. Scheme of a Nyquist plot showing two semicircles. Each point corresponds to a different value 
of frequency.  

From these plots, valuable information about the electrochemical processes taking place 

in the system can be gathered. One of the most useful strategies to extract information 

from the plot involves the fit of the impedance data to an equivalent circuit model. [32] These 

models consist of a network of electrical circuit elements such as resistors, capacitors or 

inductors among others, which shows a behavior analogous to that of the system under 

study, allowing to determine system characteristics such as Rct (charge transfer 

resistance), Rs (electrolytic solution resistance) or CSCR. The elements of the circuit should 

be assigned to a certain electrochemical or physical process in the system. Additionally, 

Nyquist plot helps to elucidate if a process is kinetically controlled or mass-transfer 

controlled. The major drawbacks of the EIS technique are related to the possible 

ambiguities in the assignments and therefore, in the corresponding interpretation. 

The scheme of a Nyquist plot shown in Figure 2.15 can be easily evaluated by applying 

the simplest circuit shown in the inset, valid for a one-electron redox process. In this case, 

the semicircle has a diameter of Rct, the low-frequency intercept on the real axis 

corresponds to Rs+Rct while the high frequency intercept is Rs. It is important to highlight 
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that this process is purely kinetically controlled at high frequencies, followed by a mass-

transfer control at low frequencies (Warburg element, W). 

 

Figure 2.15. Scheme of a Nyquist plot highlighting the different control zones. The inset shows the 
correspondent circuit. 

In this thesis, PEIS impedance with Nyquist plots are shown in Chapters 3, 4, 5, and 6, 

although the treatment of data is purely qualitative. 

2.4 Spectroscopic techniques 

In this section, the spectroscopic techniques are briefly reviewed. Spectroscopic methods 

are useful tools for evaluating the electronic structure, composition of the sample and light 

harvesting ability, among others. 

2.4.1 UV-vis spectroscopy 

One of the major drawbacks in photoelectrochemistry is related to poor light harvesting of 

the semiconductor, being the UV-visible spectroscopy one of the most important tools to 

evaluate it. In this respect, UV-vis spectroscopy allows us to evaluate light absorption of 

the studied materials. This technique quantifies the amount of light absorbed, transmitted 

or reflected by a sample as a function of the wavelength.[33]  
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It is important to highlight that absorption spectra provide information about the electronic 

structure of the semiconductor. The semiconductor material ability for absorbing light is 

primarily defined by the band gap, Eg. To determine the optical band gap of the material, 

the Tauc equation is commonly used: 

 α = 
B(hʋ - Eg)

m

hυ
 2.16 

where α is the absorption coefficient in cm-1, B is a constant, and m is an exponent whose 

value depends on the nature of the optical transition, being ½ for direct transitions and 2 

for indirect ones. By plotting (αhʋ)1/2 vs hʋ or (αhʋ)2 vs hʋ in case of direct or indirect 

transition, respectively, the value of Eg, can be obtained as it roughly corresponds to the 

intercepted of the linear plot with the x-axis. This representation needs a preliminary 

determination of the variation of the absorption coefficient with wavelength, obtained from 

the absorbance spectrum. 

The equipment used for this aim is the spectrophotometer, in which a collimated beam 

from a lamp passes through a monochromator located between the lamp and the sample, 

selecting light of certain wavelengths. When light with an intensity I0 interacts with the 

sample, the beam can be split into different components, as shown in Figure 2.16. This 

could be expressed as: 

 I0 = IA+ Rsp+ Rd + S + IT 2.17 

where IA is the fraction of light absorbed by the sample, Rsp is the specularly reflected light, 

Rd is the diffuse reflected light, S is the refracted light and IT correspond to the fraction of 

light transmitted. The component S will be considered as negligible in the subsequent 

discussion. 
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Figure 2.16. Schematic illustration of a spectrophotometer operating in transmission mode. 

The measurements must consider light absorption by the supporting material, such as the 

walls of cuvettes in case of liquids or the substrate in the case of solids (FTO in this thesis). 

For that purpose, a base-line of 100% of transmission should be done for the substrate. 

The transmittance as a function of the wavelength is defined as: 

 T=
IT

I0
 2.18 

To estimate the absorption coefficient (α), reflection and scattering are not considered and 

thus: 

 I0= IA + IT 2.19 

The absorbed light is measured as the absorbance (A), related with the transmittance by: 

 A = - log
IT

I0
= - log (T) 2.20 

In this thesis the transmittance configuration has been employed to measure the 

absorption spectra of the samples studied in Chapters 3, 4, and 7. 

2.4.2 X-ray Photoelectron Spectroscopy 

XPS is a quantitative technique that allows to obtain information, not only on the atomic 

composition, but also on the chemical environment and oxidation states of the elements 

forming the sample, especially those located on its surface.[34]  
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The XPS equipment is a spectrometer consisting of an X-ray source, a sample holder, an 

analyzer, the detector and the signal processor. The most commonly used X-ray sources 

are X-ray tubes with magnesium or aluminium blanks. 

This technique is based on the irradiation of the sample with a monochromatic beam of X-

rays with an energy of hʋ, causing the emission of electrons from the core of the atoms. 

The analysis of these electrons, known as photoelectrons, is the basis of the XPS analysis. 

The emitted photoelectrons have a kinetic energy Ekin, that is measured by the 

spectrophotometer. The binding energy (EEB) is the energy required to remove an electron 

in the atom from a certain level and it can be calculated as: 

 EEB  = hʋ - (Ekin+ Փ) 2.21 

where Փ is the work function of the spectrophotometer. The emitted photoelectrons are 

not able to travel through more than 1-5 nm of solid, and this is the main reason explaining 

why XPS is a useful technique to obtain information about the surface without significant 

interference from the bulk. XPS spectra are obtained by recording the flux of 

photoelectrons emitted as a function of the binding energy. The spectra are formed by 

different peaks corresponding to different atoms. Additionally, the position of these peaks 

depends on the chemical environment (the number of valence electrons and the type of 

bonds with neighbouring atoms). For that reason, this technique allows to determine the 

different elements present on the surface of a sample, as well as their oxidation states. 

The atomic percentage of the elements present in the surface sample can also be 

determined by this technique. Usually, the equipment can also incorporate an Ar+ 

sputtering system, enabling the removal of the material and thus, performing analysis as 

a function of depth.  

XPS analysis is involved in all the chapters in this thesis to determine the oxidation states 

of elements of interest and, additionally, to analyze the changes in surface composition. 
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To carry out these experiments, a K-Alpha Thermo-Scientific X-ray photoelectron 

spectrometer has been used.  

2.4.3 Raman Spectroscopy 

Raman spectroscopy is a technique based on the analysis of scattered photons that 

provides information about vibrational, rotational and other low-frequency modes in a 

system, and thus, valuable information about the chemical and physical state of the 

sample.[35] This technique is characterized by a high spectral resolution. Raman 

spectroscopy can be used for both qualitative as well as quantitative purposes. Qualitative 

analysis can be performed by measuring the frequency of scattered radiation while 

quantitative analysis can be done by measuring the intensity of scattered radiations. [36,37]  

Initially, the sample is irradiated with a laser beam that interacts with the molecules of the 

sample and originates scattered light. If the photon energy equals the energy difference 

between the ground and excited states of the sample, they will be absorbed. Otherwise, 

the photons will be dispersed (scattered). The majority of the scattered radiation has a 

frequency equal of that of the incident radiation, constituting the so-called Rayleigh 

scattering (elastic scattering). However, a small fraction of the scattered radiation has a 

different frequency, this phenomenon being known as Raman scattering (inelastic 

scattering). When the frequency of the scattered radiation is higher than that of the incident 

radiation, anti-Stokes lines appear in Raman spectrum. However, when the frequency of 

the scattered radiation is lower than that for the incident radiation, Stokes lines appear. [34,38] 

The scattered light having a frequency different from that of incident light (inelastic) is used 

to construct the Raman spectrum. 
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Figure 2.17. Scheme depicting the main energy level transitions involved in Raman scattering. The width of 
the arrows is proportional to the strength of the corresponding signal. 

As mentioned above, the irradiation of the sample is usually performed with a laser beam 

(visible, near infrared or near ultraviolet range) with a wavenumber ʋ0, the so-called 

excitation wavelength. As a result, the sample is excited to a short-lived state, which rapidly 

decays due to its low stability, delivering radiation. As shown in Figure 2.17, when the 

excited species return to its original energy state means that Rayleigh scattering has 

occurred. On the contrary, in the case of Raman-Stokes and Raman-antiStokes, an energy 

exchange between photons and sample occurs, returning the sample to a different 

rotational or vibrational state upon relaxation. This effect is known as Raman effect. 

Therefore, the Raman shift defined as Δʋ = ʋ0 - ʋscatt denotes the energy levels spacing. 

Raman spectroscopy was employed in Chapter 6 to provide direct evidence of the 

CuFe2O4 phase formation upon modification of CuO with iron. Additionally, this technique 

was also employed to characterize P:Fe2O3 and Fe:CuO in Chapter 7. Raman spectra 

were obtained with a laser Raman spectrometer Jasco NRS-5100, using an excitation line 

provided by an Ar laser at 531.92 nm. 



Experimental Methods 

 151 

2.5 X-ray Diffraction  

X-ray diffraction (XRD) is a non-destructive technique for the analysis and identification of 

crystal structure, including lattice parameters (a. b, c, α, β, γ) and the spacing between 

lattices planes (hkl Miller indices). It is usually employed for materials that are crystalline 

or partially crystalline, but it is also used to study non-crystalline materials.[34,39,40]  

This technique is based on the X-ray diffraction phenomena. When a beam of X-rays is 

directed toward a sample with an ordered crystal structure, constructive and non-

constructive interferences between the scattered rays are generated as the spacing 

between planes is almost of the same magnitude as the wavelength of the incident 

radiation. The scattered intensity is measured as a function of outgoing direction. By 

convention, the angle between the incoming and outgoing beam directions is called 2θ. A 

diffraction pattern is thus generated and it is characteristic of each crystalline compound. 

constructive interferences obey Bragg’s Law: 

 nλ = 2d sin θ 2.22 

where n is a positive integer number representing the order of reflection (1, 2, 3, …), λ is 

the wavelength of the X-ray beam, d is the interplanar space of the crystal and θ is the 

angle of incidence of the X-rays. A scheme of the diffraction of X-ray in a crystalline sample 

is shown in Figure 2.18. In the case that θ does not satisfy the Bragg’s law, the interference 

should be destructive, i.e. for a given X-ray with a wavelength λ, inciding in the sample 

with an angle θ, constructive interference has to be produced when has a d-spacing that 

allows the wave to cross the distance 2d·senθ n times. The space between diffracting 

planes of atoms determines the peak positions. 
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Figure 2.18. Scheme of the X-ray diffraction phenomenon in a crystalline arrangement with interplanar spacing 
d.  

The most common XRD analysis consists in the measurement of the intensity of the X-

rays diffracted from the main beam as a function of the scattering angle. The instrument 

necessary to carry out these experiments is the diffractometer. A Bruker D8-Advance 

diffractometer was employed in this thesis. The diffractometer is equipped with an X-ray 

source, a sample holder and an X-ray detector, as shown in Figure 2.19. Both X-ray source 

and X-ray detector positions can be adjusted, keeping the plane between the sample and 

the direction of the X-ray beam (θ) equal to that between de sample and the diffracted 

beam. The diffracted beam arrives to the detector and it is analyzed by scanning the 

diffraction angle between two limit values. Finally, the resulting plot, called diffraction 

pattern, shows the constructive interferences of the X-ray beam with the sample as 

different peaks at certain 2θ angle values. Each peak represents a given set of planes (hkl 

indices) of the crystalline sample, characterized by a particular d-spacing. The reference 

diffraction patterns for the different crystalline materials are gathered in databases such 

as the International Center of Diffraction Data (ICDD) or the Crystallography Open 

Database (COD). 

It is important to highlight that this technique allows one to determine the preferential 

orientation of the material. This is essential, especially in the case of synthesis by direct 

growth on the substrate, since the orientation of the crystal in the film will determine the 
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physical properties and the photoelectrochemical activity of the electrode. In these cases, 

only peaks ascribed to the above mentioned orientations appear in the diffraction pattern.  

 

Figure 2.19. Scheme of the basic arrangement to carry out a diffraction analysis. 

X-ray diffraction has been an essential tool, not only to identify the crystalline phases 

forming the semiconductor photoelectrodes, but also for knowing the preferential 

orientation of the thin films. Therefore, XRD analysis is presented in all the chapters along 

this thesis. The crystal structure of the different samples was identified by X-ray diffraction 

using a Bruker D8-Advanced.  

2.6 Electron microscopy techniques 

In the framework of this thesis, electron microscopy techniques have been employed to 

obtain detailed information about the morphology, topography and composition of the 

systems under study. In addition, these techniques provide information about the sample 

morphology, such as the shape and size of the nano- or microparticles, which can 

determine the final properties of the semiconductors employed as electrodes. Electron 

microscopy techniques can be divided into two main categories: transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM).  
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It should be noted that, when a highly focused beam of electrons irradiates a solid, different 

signals can be emitted, as shown in Figure 2.20. The types of signals produced include 

backscattered, secondary, transmitted and Auger electrons; and X-ray and visible light 

photons.[41]  

 

Figure 2.20. Scheme of the signals generated in electron microscopes when a beam of electrons irradiates a 
solid sample. 

It is important to mention that backscattered and secondary electrons are detected in SEM 

while transmitted electrons are collected in TEM.[42-44] In the following, both techniques are 

briefly described.  

2.6.1 Scanning Electron Microscopy 

As just mentioned above, SEM instruments mainly analyze secondary (< 50 eV) and 

backscattered electrons (from 50 eV up to the energy of the incident beam, ~ 5-30 keV). 

The energy distribution of both secondary (SE) and backscattered (BSE) electrons is 

shown in Figure 2.21.[34,42,44] Since the former are produced as a result of interactions 

between the electron beam and weakly bound electrons near the sample surface, these 

electrons are not associated with a specific atom, and they do not contain specific 
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elemental information, and thus, only providing information on morphology. On the 

contrary, the backscattered electrons are beam electrons reflected from the sample by 

scattering and, as a consequence, are more energetic, allowing for a compositional 

analysis of the sample surface. The relation between the intensity of the BSE signal with 

the atomic number of the atoms, allows to obtain a map of the distribution of the different 

elements in the sample.[34,40]  

 

Figure 2.21. Scheme of the flux of emitted electrons (both secondary (SE) and backscattered (BSE) electrons) 
as a function of their energy. 

The different components of a scanning electron microscope are shown in Figure 2.22. 

The electron beam is generated by an electron gun located at the upper part of the 

instrument. The Wehnelt cylinder serves as a convergent electrostatic lens that focuses 

and controls the electron beam. The beam is accelerated by an anode and it is focused 

on an extremely fine spot at the sample with a magnetic condenser and an objective lens 

system. Scanning is performed by means of the electromagnetic coils within the objective 

lenses in the XY plane. Once the electron beam reaches the sample, backscattered and 

secondary electrons are generated and collected using an electron detector. The whole 

beam path through the column occurs under vacuum to minimize the density of interfering 

molecules. 
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Figure 2.22. Scheme of the different components of a scanning electron microscope.  

As previously mentioned, it is common to find SEM (or TEM) equipment that incorporates 

an energy dispersive X-ray technique (EDX or EDS).[45] After having irradiated the sample 

with the electron beam, part of the energy is transferred from the incident electron to an 

electron in an inner shell of the atom. This electron is then promoted to the lowest 

unoccupied level or ejected into the vacuum, leaving a vacancy (i.e. in K level). 

Consequently, an electron coming from an outer shell (i.e. from L level), drops and fills the 

vacancy. This process can be accompanied by the emission of either an X-ray photon or 

an Auger electron. The emitted X-ray correspond to the difference in energy between the 

two levels and it is unique for each atom, allowing the determination of the elemental 

composition of the sample. Additionally, X-ray microanalysis mapping is used to obtain the 

spatial distribution of elements in a sample. EDX can be also used to generate 2D 

elemental maps. 
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Finally, it is important to mention modern SEM equipment in which images can be obtained 

at higher magnifications and, what is more important, with higher resolution. This 

technique is known as Field Emission Scanning Electron Microscopy (FE-SEM). In this 

particular case, a field emission source is employed as an electron gun. The field emission 

gun provides narrower beams at low and high electron energies, improving the spatial 

resolution at lower acceleration voltages and also minimizing the charging effects on the 

samples. The latter avoids a possible damage of the sample and improves the image 

quality. 

In this thesis, SEM characterization of P:α-Fe2O3 and Fe:CuO are shown in Chapter 8. 

Additionally, EDX of Fe:CuO is shown in the same chapter. To characterize the studied 

materials, FE-SEM measurements were carried out and are shown in Chapters 3, 4, 5, 6,  

and 8. The equipment employed was: FEI XL30 field-emission gun scanning electron 

microscope operating at 25 kV in Chapter 7. FE-SEM Zeiss Merlin VP Compact equipped 

with an energy-dispersive X-ray spectrometer (Bruker Quantax 400) was used in Chapters 

3, 4, 5, 6, and 8. 

2.6.2 Transmission Electron Microscopy 

Transmission electron microscopy is a technique in which the transmission/dispersion of 

a beam of electrons is used for imaging samples in the micro- and nanoscale with excellent 

resolution.[34,41,43] The transmission of electrons occurs through ultrathin samples, the 

resolution being better with a sample thickness lower than 100 nm. As mentioned above, 

TEM microscope collects the transmitted electrons depicted in Figure 2.20. For that 

purpose, a more energetic beam of electrons (~50-200 keV) is needed. It is important to 

mention that not all the transmitted beam has the same direction as the incident beam; 

there is a fraction that is scattered by the atoms in the sample. Only the electrons passing 

through the sample are used to create the sample image on a fluorescent screen, as 

shown in Figure 2.23.  
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Figure 2.23. Scheme of the different components of a transmission electron microscope. 

During the electron beam transmission through the sample, part of its intensity is lost due 

to different interactions with the specimen. This energy (intensity) loss, is greater in thicker 

regions of the sample or in regions with elements of higher atomic number. The greater 

the intensity loss is, the darker the corresponding area in the fluorescent screen is. The 

complete image of the sample surface consists of a wide range of grey tonalities because 

of the different interactions and scattering processes experienced by the electron beam 

passing through the different regions of the studied sample. 

TEM, analogously to SEM instruments, the electron beam is generated in the upper part 

of the microscope and it is focused and controlled by the Wehnelt cylinder. The generated 

beam passes through a condenser lens that focuses it on the sample, which transmits 

them. Subsequently, the objective lens forms the image with the transmitted electrons, 

which is magnified by the projector lens on a fluorescent screen (or in a digital device). 
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TEM images were recorded in: (i) Chapters 3 and 4  to characterize hematite modified with 

molybdenum; (ii) Chapter 6 to analyze the effect of iron incorporation in cupric oxide and 

(iii) Chapter 8 to analyze the effect of aluminium and gallium incorporation in cupric oxide. 

The equipment employed was a transmission electron microscope JEOL JEM 2010 

equipped with an X-ray detector (OXFORD INCA Energy TEM 100) for microanalysis 

(EDX). 

2.7 Other techniques 

The photocathodes engineered in this thesis were expected to efficiently generate H2 gas. 

With the aim of detecting and estimating the amount of H2 generated by cupric oxide both 

pristine and modified with iron, a gas chromatograph (GC) with a thermal conductivity 

detector (TCD) was employed in Chapter 6. In this section, gas chromatography technique 

is briefly described. 

2.7.1 Gas chromatography  

In gas chromatography, the components of a vaporized or gas sample are separated as a 

consequence of being partitioned between a mobile gaseous phase and a liquid or a solid 

stationary phase held in a column. When performing a gas chromatography separation, 

the sample is vaporized and injected into the head of a chromatographic column. Elution 

is brought about by the flow of an inert gaseous mobile phase. In contrast to most other 

types of chromatography, the mobile phase does not interact with the molecules of the 

analyte; being its unique function to transport the analyte through the column. [34] The 

diagram of a typical gas chromatograph is shown in Figure 2.24, showing the different 

parts of it. 



Chapter 2 
 
 

 160 

 

Figure 2.24. Block diagram of a typical gas chromatograph. 

The mobile phase in a GC is called carrier gas and must be chemically inert. Commonly, 

helium is used as a mobile-phase, although argon, nitrogen and hydrogen can also be 

used. Pressure regulators, gauges and flow meters are required to control the flow rate of 

the gas. In addition, the carrier gas system often contains a molecular sieve to remove 

impurities such as water. In order to achieve a high column efficiency, the sample must be 

of a suitable size and introduced as vapor. The injection must be done with calibrated 

microsyringes into a heated sample port located at the head of the column. The sample 

port is commonly at least about 50 ºC above the boiling point of the least volatile compound 

of the sample. The injection of the sample could be performed split or splitless. A sample 

splitter is often needed to deliver a small known fraction (1:50 to 1:500) of the injected 

sample, with the remainder going to waste. In contrast, with splitless inlets, the purge valve 

closes at injection and stays closed for 30-60 seconds. During this time, the sample vapor 

can go only to the column. 

Two general types of columns are used in GC, packed and capillary columns. For most 

current applications, the latter are more efficient that the former. Packed chromatographic 

columns vary in length from 1 to 5 m, while capillary columns can range from a few meters 

to 100 m. It is important to highlight that the majority of columns are made of fused silica 
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or stainless steel, although glass and Teflon ones are also used. To fit them into an oven 

for thermostatting, they are usually fabricated as coils with diameters of 10 to 30 cm. 

Additionally, column temperature is an important variable, for that reason, columns are 

ordinarily housed in a thermostatted oven. The optimal column temperature depends on 

the boiling point of the sample and the required degree of separation. In general, optimal 

resolution is associated with minimal temperature. However, a lower temperature leads to 

an increase in elution time, and therefore, in the time required to complete the analysis.  

Dozens of detectors have been investigated and used in gas chromatography. [46] The 

characteristics that an ideal detector should have are the following: (i) adequate sensitivity; 

(ii) good stability and reproducibility; (iii) a linear response to analytes that extends over 

several orders of magnitude; (iv) a temperature range from room temperature to at least 

400 ºC; (v) a short response time, independently of flow rate; (vi) high reliability and ease 

of use; (vii) similarity in response toward all analytes; and (viii) the detector should be non-

destructive. Unfortunately, no detector exhibits all of these characteristics. The most widely 

used are flame ionization detectors (FID), thermal conductivity detectors (TCD), electron-

capture detectors (ECD), thermoionic detectors, electrolytic conductivity detectors, 

photoionization detector, atomic emission detector (AED), flame photometric detectors 

(FPD) and mass spectrometry detectors. Focusing on thermal conductivity detector (that 

used during this thesis), it was one of the earliest detectors for GC, and it is still widely 

used. This device contains an electrically heated source whose temperature at constant 

electrical power depends on the thermal conductivity of the surrounding gas. The 

advantages of the TCD are its simplicity, its large linear dynamic range (~105), its general 

response to both organic and inorganic species and its non-destructive character, which 

allows to collect sample components after detection.  

GC with TCD detector was employed in Chapter 6 in order to estimate the amount of 

hydrogen generated by a photocathode based on cupric oxide modified with iron. The 

equipment used was a Hewlett Packard 5890 gas chromatograph with an Alltech CTR I 
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concentric packed column equipped with a thermal conductivity detector (TCD). The 

details of the experiment are given in Chapter 6. 
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8.1 Abstract 

Energy conversion employing renewable sources such as the sunlight for 

photoelectrochemically splitting water into hydrogen and oxygen has aroused great 

interest in the last decades. Photocathode materials based on cupric oxide (CuO) are 

promising materials for large-scale and widespread photoelectrochemical water splitting 

due to the high Earth-abundance of copper, suitable bandgap, and favorable band 

alignment. However, its use is limited because of photocorrosion. The main challenge for 

the development of practical CuO photocathodes is to enhance stability against 

photocorrosion, thus increasing the efficiency of solar hydrogen evolution. In this work, 

stable CuO nanowire photocathodes have been prepared by employing two simple and 

cost-effective methodologies. After having synthetized CuO nanowires by 

electrodeposition followed by a chemical oxidation step, the electrodes were modified 

following two different strategies: (i) adsorption of aluminum from an aluminum 

acetylacetonate solution or (ii) drop-casting of a solution containing aluminum nitrate as 

Al-precursor. In both cases, a thermal treatment was applied after Al incorporation. These 

modifications improve the stability although at the expense of photocurrent. The stability 

of CuO nanowires has been enhanced from 2 % up to 80 % measured as percent of the 

initial photocurrent retained after almost 20 min of continuous illumination at -0.4 V vs. 

Ag/AgCl. 

8.2 Introduction 

The increasing global energy demand together with the depletion of oil reserves makes 

the concerns grow about the negative impact of fossil fuels and the necessity of looking 

for environmentally friendly alternative sources.[1-3] In this context, electrolysis using solar 

energy to produce hydrogen from water has been extensively studied for more than four 

decades as a sustainable way to obtain carbon-free fuel.[4] Two configuration systems for 
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solar-driven water electrolysis have been studied: (i) photoelectrochemical (PEC) water 

splitting, which consists of a single, fully integrated unit that absorbs sunlight and produces 

hydrogen and oxygen, and (ii) photovoltaic electrolysis (PV-E), which consists of 

independent photovoltaic modules that drive separate electrolyzer units. [2,5,6]  

PEC water splitting devices would provide a promising way to produce hydrogen fuel in a 

green and sustainable way.[7,8] Despite the tremendous efforts that have been done within 

the last decades, there is still no solar water splitting device fulfilling the minimum 

requisites of low cost, long-term stability, and a solar-to-hydrogen (STH) conversion 

efficiency, required for practical applications.[9,10] Besides these requirements, the 

photoelectrodes that compose the final device also have to meet some characteristics as 

Earth-abundancy and efficiency. Nevertheless, the efficient photoelectrodes generally are 

composed of expensive semiconductors joint with noble metal catalyst whereas the 

inexpensive photoelectrodes usually exhibit low efficiencies.[11] Two main strategies are 

being followed to overcome this issue (i) to seek new materials and (ii) to improve the 

existing inexpensive photoelectrodes. 

In this context, metal oxide semiconductors play an important role due to their abundancy 

in the Earth’s crust, their low cost, and generally facile preparation methods. [12,13] Only 

about 2 eV are necessary to overcome the kinetic and thermodynamic barriers for water 

splitting. Nonetheless, no semiconductor material capable of leading to a high STH 

conversion efficiency has been found yet.[14,15] The employment of tandem cells comprising 

a photocathode where solar hydrogen evolution takes place and a photoanode with 

complementary light absorption, where water oxidation occurs, could be an alternative to 

overcome this handicap.[5,16] The selection of semiconductors plays an important role since 

having a narrow band-gap and complementary light absorption in the case of a tandem 

configuration are critical factors for obtaining highly efficient water splitting devices. [9,17-19]  

Most of the researchers in PEC water splitting have focused on investigating n-type 

photoanodes such as α-Fe2O3, BiVO4 or TiO2.[20-24] However, the study of photocathode 
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materials is not as well established. Among the large number of semiconductor materials 

suggested as p-type candidates for PEC water splitting (CaFe2O4, CuFeO2, LaFeO3, Cu3-

xVO4, CuNb3O8...),[25-29] binary copper oxides (CuO and Cu2O) are attractive because of 

their low cost and facile preparation methods, which favors up-scaling.[7] Both 

photocathodes present a narrow bandgap, concretely CuO is reported to have between 

1.3-1.7 eV while Cu2O approximately 2.1 eV.[16,30-32] Although cupric oxide has not been 

as widely studied as cuprous oxide, its use as photocathode for solar hydrogen production 

has been reported in several works.[31,33-37] Nevertheless, its use as a photocathode is 

limited by its photocorrosion and extensive efforts have to be done to protect cupric oxide 

before its practical application in a device.  

A well-known protection strategy to stabilize cupric oxide is based on sophisticated 

techniques such as atomic layer deposition (ALD). Recently, Tilley et al. reported a CuO 

electrode stabilized by coating it with ALD TiO2.[31] However, in the search for low-cost and 

scalable materials for tandem devices, economical materials and methodologies should 

be employed. By this reason, simple strategies based on low cost methodologies such as 

impregnation are of increasing interest for protecting CuO electrodes against 

photocorrosion.[34]  

Here, we present a cupric oxide photocathode protected with aluminum, which retards its 

photocorrosion. Two different strategies have been followed to achieve stable 

photocathodes based on CuO: (i) impregnation methodologies followed by a thermal 

treatment and (ii) adsorption. After the fabrication of cupric nanowires by a simple 

electrodeposition methodology followed by chemical oxidation and thermal treatment, 

aluminum was incorporated easily and economically through adsorption of aluminum 

acetylacetonate or through simple impregnation employing as a precursor aluminum 

nitrate. In both cases, the stability achieved, calculated as the ratio between the 

photocurrent having illuminated the electrode for 1000 s at -0.4 V vs. Ag/AgCl and the 
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photocurrent at 0 s under the same conditions of illumination and applied potential, was 

close to 80%. We also present an analogous study employing gallium precursors. 

8.3 Experimental Section 

8.3.1 Synthesis of copper (II) oxide nanowires 

The procedure used to synthesize copper (II) oxide nanowires consists of three 

consecutive steps: (i) copper metal electrodeposition following the method presented by 

Kang et al,.[38] (ii) chemical oxidation as proposed by Lin et al.,[39] and finally (iii) a thermal 

treatment. All solutions employed were prepared using deionized water (resistivity ≥ 15 

MΩ·cm). The electrodeposition of copper was carried out at -0.3 V vs. Ag/AgCl/KClsat for 

1 h from an aqueous solution containing 0.1 mol L-1 Cu(NO3)2·3H2O (Labkem, Analytical 

Grade ACS), and 3 mol L-1 lactic acid (Labkem, Analytical Grade). After electrodeposition, 

the resulting Cu films were chemically oxidized by immersion in a solution containing 2.5 

mol L-1 NaOH (Panreac, 98%) and 0.125 mol L-1 (NH4)2S2O8 (Labkem, Analytical Grade 

ACS). After 5 min the films, now Cu(OH)2, were removed from the solution, rinsed with 

water and ethanol and then dried at room temperature. Finally, the resulting films were 

thermally treated at 450 ºC for 1 h in a conventional oven in air, obtaining as a result CuO 

nanowires. 

8.3.2 Stabilization by adsorption of aluminum 

The stabilization of copper (II) oxide was achieved by employing a straightforward 

adsorption method. The Al-precursor employed was aluminum acetylacetonate 

(Al(C5H7O2)3, Aldrich, 99%) dissolved in i-propanol (C3H8O, Sigma-Aldrich, 99.5 %). The 

methodology consists of an immersion into the precursor solution for 5 min followed by a 

cleaning step by immersing the electrode in i-propanol for 15 min to facilitate the removal 

of Al excess. The concentrations employed ranged from 0.01 to 0.5 mol L-1. After 
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adsorption, different strategies were followed: (i) thermal treatment at different 

temperatures and times and (ii) no thermal treatment. The employed nomenclature is 

shown in Table 8.1. 

Table 8.1. Molar concentration of the aluminum precursor and the nomenclature employed. The geometric 
area of copper (II) oxide electrode is 1 cm2. 

Nomenclature employed [Al(acac)3] / mmol L-1 

 Al:ad:0* 0 

Al:ad:1 0.01 

Al:ad:2 0.05 

Al:ad:3 0.10 

Al:ad:4     0.50** 

* This sample was only thermally treated. 

** Turbidity in the precursor solution was observed. 

The same methodology was employed to incorporate gallium. Additional details can be 

found in the Supporting Information (SI). 

8.3.3 Stabilization by employing aluminum nitrate as precursor 

In this case, the methodology employed consists of a simple impregnation method (drop-

casting) previously employed in our laboratories.[34] In this case, the precursor used was 

aluminum nitrate nonahydrate (Al(NO3)3·9H2O, Merk, Analytical Grade). Table 8.2 shows 

the different concentrations tested together with the nomenclature employed. Immediately 

after applying the drop-casting procedure, the electrodes were dried at 90 ºC for 10 min 

and then thermally treated in air at 550 ºC for 7.5 h.  

Table 8.2. Molar concentration of the aluminum precursor and the nomenclature employed. The volume of a 
droplet is of 25 µL. The geometric area of copper (II) oxide electrode is 1 cm2. 

Nomenclature employed [Al(NO3)3] / µmol L-1 

Al:dc:0* 0 

Al:dc:1 1.9 

Al:dc:2 9.4 

Al:dc:3 18.8 

Al:dc:4 94 

Al:dc:5 188 
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Al:dc:6 282 

Al:dc:7 376 

* On this sample, the electrode was prewetted with a drop of 25 µL of H2O prior to the thermal treatment. 

An analogous methodology was employed using a gallium precursor. See details in the 

SI. 

8.3.4 Sample characterization 

The morphology of the different samples was studied by means of FE-SEM micrographs 

obtained with a Field Emission Scanning Electron Microscope (Zeis Merlin VP Compact), 

equipped with an energy dispersive X-ray spectrometer (EDS, Bruker Quantax 400). TEM 

micrographs were obtained with a Transmission Electron Microscope JEOL (model JEM-

1400 Plus). Additionally, X-ray Photoelectron Spectroscopy (XPS) was employed for 

compositional analysis and for characterization of copper and aluminum oxidation states 

(K-Alpha Thermo-Scientific). 

8.3.5 Photoelectrochemical characterization 

To carry out the photoelectrochemical measurements, a standard three-electrode cell was 

employed. Cupric oxide (either pristine or modified with aluminum) was used as a working 

electrode with a geometric area of about 1 cm2, an Ag/AgCl/KClsat electrode was employed 

as a reference electrode (to which all the potentials are referred) and a platinum wire was 

used as a counter electrode. The electrolyte solution used was a N2-purged 1 mol L-1 

NaOH (Panreac, 98%) solution. A scanning potentiostat (Potentiostat/Galvanostat 

AUTOLAB PGSTAT30) was employed to record voltammograms both in the dark and 

under illumination at a scan rates of 50 mV s-1 and 10 mV s-1, respectively. Stability tests 

were made by means of chronoamperometry at a fixed potential of -0.4 V under 

illumination. The measurements were done in the following order: linear voltammetry 

recorded under illumination, cyclic voltammetry in the dark and finally, chronoamperometry 
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under illumination. The lamp employed to carry out the measurements was a 1000 W 

ozone-free xenon arc lamp (ORIEL Newport 66921 Lamp Power 450-1000 W). The 

radiation passed through a water filter and a radiation cut off filter (Newport FSR-KG3 λ ≥ 

350 nm). Light intensity was measured with a thermopile (Thorlabs PM100D) with an 

incident power density of around 200 mW cm-2. 

8.4 Results and Discussion 

8.4.1 Stabilization by aluminum adsorption 

8.4.1.1 Sample characterization 

Figure 8.1 shows the FE-SEM top view images at the same magnification for pristine cupric 

oxide, cupric oxide after 7.5 h at 550 ºC (Al:ad:0) and cupric oxide after immersion in 0.01 

mol L-1 Al(acac)3 and subsequent rinse with i-propanol, with and without thermal treatment 

(Al:ad:3 and Al:ad:3(nTT) respectively). As expected, the morphology obtained 

corresponds to nanowires in all the cases studied, showing an average diameter of about 

65 nm in the case of pristine cupric oxide. No significant differences in the average 

diameter were observed after the thermal treatment (Al:ad:0). However, despite the fact 

that the average diameter was virtually the same, the shapes of the diameter histograms 

are slightly different, the Al:ad:0 sample shows a wider distribution (see the histograms as 

insets in Figure 8.1a-d).  

Focusing on the modification with aluminum by adsorption, it is worth noting that after Al 

incorporation, an average diameter of about 90 nm was obtained, slightly increased after 

thermal treatment to around 120 nm. This effect is mainly produced by the thermal 

treatment, but it is intensified in the presence of aluminum. Additionally, the XPS spectra 

for the Cu 2p region was also acquired (Figure S8.1a), being completely attributed to CuO 

in all cases because of the presence of four correctly located 2p peaks. More details about 
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the interpretation of the XPS spectra for the different samples can be found in the SI. 

Unfortunately, the Al 2p XPS spectra analysis cannot be discerned due to interferences 

with copper, concretely the peak attributed to Al 2p at 74.4 eV was obscured by the 3p3/2 

peak of CuO appearing at 75 eV. In contrast, gallium peaks appear at binding energies 

free of interferences from copper, which allowed us to verify and quantify the presence of 

gallium in the modified samples (see Figure S8.1b). In the case of adsorption of gallium 

employing the same concentration as with aluminum (Al:ad:3 and Ga:ad:3), a surface 

atomic percentage of 3 was observed. Analogously, a similar amount of surface aluminum 

is expected. 

 

Figure 8.1. (a-d) FE-SEM top-view images obtained for: (a) pristine cupric oxide, (b) cupric oxide thermally 
treated (Al:ad:0), (c) cupric oxide modified by aluminum adsorption (Al:ad:3), (d) cupric oxide modified with 
aluminum by adsorption without thermal treatment. The insets show the corresponding diameter histograms.  

8.4.1.2 Photoelectrochemical characterization 

Figure 8.2 shows the photoelectrochemical characterization of pristine cupric oxide. 

Specifically, Figure 8.2a shows a linear voltammogram under chopped illumination (200 

mW cm-2, λ > 350 nm). As previously reported by us, the as-synthesized cupric oxide 

nanowire electrode presents a photo-onset at about 0.1 V.[34] The photocurrent density 
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increases rapidly upon scanning toward negative potentials, reaching a photocurrent of -

1.5 mA cm-2 at -0.4 V. 

 

Figure 8.2. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L-1 NaOH electrolyte for 
pristine cupric oxide. (a) Linear voltammograms obtained under chopped illumination (200 mW cm-2, λ > 350 
nm), (b) cyclic voltammogram obtained in the dark and (c) chronoamperometric curve obtained under 
illumination (200 mW cm-2, λ > 350 nm) at a constant potential of -0.4 V vs. Ag/AgCl. 

After having recorded the response under illumination, a CV was obtained in the dark. 

Figure 8.2b shows the absence of significant capacitive currents in the dark. However, 

significant oxidation currents appear at potentials above -0.2 V, which are likely due to the 
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re-oxidation of the products associated with the high photocurrent obtained under 

illumination, i.e. Cu(I) to Cu(II). The stability of cupric oxide was determined by means of 

a chronoamperogram at -0.4 V under illumination. As observed in Figure 8.2c, it is worth 

noting that after 300 s under continuous illumination the photocurrent decreases 

dramatically, attaining values close to zero. This fact is linked to a severe photocorrosion 

of the material, indicating that the photocurrents observed in Figure 8.2a are mainly due 

to CuO photoreduction and cannot be solely attributed to hydrogen generation. It is 

important to mention that after the stability measurement, the aspect of the photoelectrode 

is remarkably different, changing from black coloration of CuO to yellow-green of Cu2O. 

Cupric oxide modified with different amounts of Al-adsorbed was also 

photoelectrochemically characterized. The results obtained after Al-adsorption are shown 

in Figure 8.3 together with those corresponding to the thermally treated cupric oxide 

(Al:ad:0). In all the cases, photocurrent diminishes in comparison with pristine cupric oxide. 

It is clear that the thermal treatment plays an important role in this modification, since 

without adsorbing aluminum the photocurrent diminishes but to a larger extent than in the 

presence of Al. However, the CVs in the dark plotted in Figure 8.3b reveal that the thermal 

treatment alone is not enough to correctly stabilize CuO, showing in the case of Al:ad:0 

large anodic currents associated with the re-oxidation of the species partially reduced 

under illumination, as for pristine cupric oxide. The lack of stability for Al:ad:0 is also 

observed in the curves shown in Figure 8.3. Focusing on Figure 8.3a, upon aluminum 

adsorption, the photocurrents obtained in all cases are lower than those obtained for 

pristine cupric oxide, however, there are no anodic currents observed in the dark, which 

means that the photocurrents observed under illumination correspond to the generation of 

solar hydrogen. Moreover, in Figure 8.3c, an almost constant current is observed for over 

15 min, which indicates a significant stabilization of the material upon Al-adsorption. 

Importantly, in order to consider the possible effect of i-propanol, two experiments were 

carried out, immersion of cupric oxide in i-propanol and immersion in i-propanol followed 
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by a thermal treatment. The results are not shown because the sample immersed in i-

propanol exhibits the same behavior as pristine cupric oxide and the sample immersed in 

i-propanol and thermal-treated exhibits similar response to that obtained with Al:ad:0. 

According to these results, the immersion in i-propanol does not produce significant 

changes in the photoresponse of cupric oxide. 

 

Figure 8.3. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L-1 NaOH electrolyte for 
different samples of cupric oxide modified with aluminum by adsorption. (a) Linear voltammograms obtained 
under chopped illumination (200 mW cm-2, λ > 350 nm), (b) cyclic voltammogram obtained in the dark and (c) 
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chronoamperometric curve obtained under illumination (200 mW cm-2, λ > 350 nm) at a constant potential of -
0.4 V vs. Ag/AgCl. The dashed line corresponds to pristine cupric oxide. 

Figure 8.4 summarizes the stability achieved for the samples studied in terms of the ratio 

between the final photocurrent obtained at t = 1000 s and the initial photocurrent (left axis, 

red columns). The initial photocurrent (black squares) for all the samples studied is also 

given (right axis). As mentioned above, pristine cupric oxide presents a rather large 

photocurrent, however, most of it is due to CuO photocorrosion, and for this reason, it 

presents the worst stability. After having applied a thermal treatment at 550 ºC for 7.5 h 

(Al:ad:0), the photocurrent drastically decreases accompanied by a minor improvement of 

stability. It is not until Al is adsorbed that a significant improvement in stability is observed. 

Focusing on the adsorption of aluminum, no clear trend depending on the concentration 

is observed, which points to the adsorption of a monolayer even at the lowest 

concentration. Additionally, it seems that Al adsorption occurs preferentially on the active 

sites of cupric oxide, which would explain that the photocurrents obtained are extremely 

affected by the presence of the adsorbate. The slight difference observed between Al:ad:1 

and Al:ad:4 could be related to the variability of the electrodes.  

 

Figure 8.4. Left axis stability (ratio between final photocurrent and initial photocurrents in the stability test, red 
bars) and right axis initial photocurrent (black squares) for the different samples: CuO, Al:ad:0, Al:ad:1, Al:ad:2, 
Al:ad:3 and Al:ad:4. 

Two additional studies were done to optimize the thermal treatment conditions. First, the 

effect of the duration of the thermal treatment was studied. For that purpose, a temperature 

of 550 ºC was chosen and time was varied between 0 and 10 hours. Figure 8.5a shows 

the dependence of the stability with the temperature. It is clear that employing shorter 
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times does not reach any improvement in the stability, however, for times higher than 2 h, 

a significant improvement in the stability is observed together with a loss of photocurrent, 

reaching a maximum of stability at 7.5 h from which the stability and photocurrent keep 

almost identical. Second, after having optimized the duration of the thermal treatment, 

different temperatures were tested in order to see if any tendency could be discerned. 

Temperatures in the range of 450 ‒ 600 ºC were tested. Temperatures over 600 ºC could 

not be reached due to the glass transition temperature of the substrate. As shown in Figure 

8.5b, a minimum temperature of 550 ºC is required to correctly incorporate adsorbed Al 

into cupric oxide. These experiments were carried out employing Al:ad:1 and the 

correspondent photoelectrochemical characterization are shown in Figure S8.2 and Figure 

S8.3. 

 

 

Figure 8.5. Left axis stability (ratio between final photocurrent and initial photocurrents in the stability test, red 
bars) and right axis initial photocurrent (black squares) of Al:ad:1 electrodes.(a) Effect of the duration of the 
thermal treatment and (b) effect of the temperature of the thermal treatment using as a working electrode 
Al:ad:1. 
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Analogously, the same methodology was employed in the case of Ga. The experimental 

details and photoelectrochemical characterization are detailed in the SI. The 

corresponding results are in agreement with those obtained using aluminum and the same 

conclusions can be drawn. (See Figure S8.4 and Figure S8.5). 

8.4.2 Stabilization by employing aluminum nitrate as a precursor 

Prior to presenting the stabilization through impregnation methodology, the effect of adding 

only water was studied. With this aim, the photoresponses and stabilities of the samples: 

(i) pristine cupric oxide, (ii) cupric oxide thermally-treated (Al:ad:0), (iii) cupric oxide pre-

wetted with water (CuO + H2OwoTT) and (iv) cupric oxide pre-wetted with water and 

thermally-treated (Al:dc:0) were compared (see Figure S8.6). Contrary to expected, the 

pre-wetting with water leads to a decrease in photocurrent as well as a decrease in the 

currents obtained in the dark related to re-oxidation processes, which implies that the 

material is less photocorroded, showing an almost constant photocurrent during the 

stability test. It could be argued that the increment of stability could be related to a surface 

reordering of the sample. Tentatively, these results can be explained by a change from a 

metal termination to an oxygen one, although further work is needed for supporting this 

notion. The termination change could also lead to a blockage of the electronic transfer 

sites of the majority carrier, and thus, to a decrease of the photocurrent. 

8.4.2.1 Sample characterization 

Figure 8.6 shows FE-SEM top views of cupric oxide films upon the application of one drop 

of water before (CuO + H2O woTT) and after thermal treatment for 7.5 h at 550 ºC (Al:dc:0), 

together with cupric oxide modified with aluminum prior to a thermal treatment for 7.5 h at 

550 ºC (Al:dc:4). The insets show the pristine cupric oxide FE-SEM top-view. As expected, 

and analogously to the results obtained by adsorption, the morphology of the obtained 

films has not been altered, showing the correspondent nanowires in all the samples 
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studied. In this case, after the addition of aqueous solution without thermal treatment, the 

average on the diameter was kept constant at about 65 nm. However, the samples that 

were thermally treated (Al:dc:0 and Al:dc:4) showed an increment in the average diameter 

from about 65 nm for pristine cupric oxide to 75 nm for Al:dc:0 and to 120 nm for Al:dc:4. 

A thermal treatment after contact with water/aqueous solution is needed to observe an 

increment in the diameter of the NW. From comparison of panels a and b in Figure 8.6, it 

is worth noting that after the thermal treatment with water, the structure changes from an 

open one to another more compact with agglomerations. This NWs coalescence is not as 

much observed in presence of aluminum as shown in Figure 8.6c.  

 

Figure 8.6. (a-c) FE-SEM top-view images obtained for: (a) cupric oxide pre-wetted with water (CuO + 
H2OwoTT), (b) thermally-treated cupric oxide wet with water (Al:dc:0), and (c) cupric oxide modified by aluminum 
by drop-casting (Al:dc:4). The insets in Figure 8.6a-c correspond to FE-SEM top-view images of pristine cupric 
oxide. 
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As in the previous case, the XPS spectra for the Cu 2p region was again completely 

attributed to CuO. Details including the spectra are given at SI (Figure S8.7).  

8.4.2.2 Photoelectrochemical characterization 

 

Figure 8.7. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L-1 NaOH electrolyte for 
different samples of cupric oxide modified with aluminum by drop-casting. (a) Linear voltammograms obtained 
under chopped illumination (200 mW cm-2, λ > 350 nm), (b) cyclic voltammogram obtained in the dark and (c) 
chronoamperometric curve obtained under illumination (200 mW cm-2, λ > 350 nm) at a constant potential of -
0.4 V vs. Ag/AgCl. 
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Photoelectrochemical characterization after addition of different amounts of aluminum by 

drop-casting is shown in Figure 8.7. Analogously, the responses under illumination and in 

the dark were measured and stability test were carried out. Figure 8.7a shows the obtained 

linear voltammetries under chopped illumination (200 mW cm-2, λ > 350 nm). In all the 

cases studied, analogously to the adsorption procedure, a dramatic decrease in the 

photocurrent is obtained not only after the incorporation of aluminum but also with the 

sample that only was treated with water. Focusing on the CVs in the dark plotted on Figure 

8.7b, no anodic peaks associated with the re-oxidation of the species partially reduced 

under illumination were observed, indicating that the protection of CuO NWs was 

achieved. In agreement, the stability test made at -0.4 V vs Ag/AgCl showed an almost 

linear curve. 

In Figure 8.8, a summary of the results obtained by employing a drop-casting methodology 

is shown. On the right axis the initial photocurrent of the samples is plotted (black, squares) 

while on the left red axis the stability is shown in terms of ratio between the final and initial 

photocurrent and the obtained in the stability test (red, columns).  

 

Figure 8.8. Left axis stability (ratio between final and initial photocurrents in the stability test, red bars) and 
right axis initial current (black squares) for the samples modified with aluminum by drop-casting. 

It is clear that aluminum plays an important role by promoting the electronic transfer, thus 

diminishing the water induced blockage observed in Figure S8.6 and increasing the 

photocurrent compared to the sample only pre-wetted with water. The stability in all the 
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cases studied is around 80 %, even with the lowest concentration, which allows us to aff irm 

that this modification occurs at the monolayer level. However, when the amount of 

aluminum added increases, the photocurrent decreases. This could be related to the fact 

that upon higher loadings of aluminum, some islands of Al2O3 or Al(OH)3 are formed, as 

shown in Figure S8.9, blocking electron transfer and thus, decreasing photocurrent. 

The same methodology was employed to incorporate gallium in cupric oxide from a gallium 

nitrate solution. The experimental details and photoelectrochemical characterization are 

detailed in the SI. However, in the case of adding gallium by drop-casting, the effect is not 

affected by the amount of gallium, showing a similar photoresponses and photostabilities 

in all cases. (See Figure S8.10 and Figure S8.11).  

In spite of the fact that the stability against photocorrosion significantly increases by the 

incorporation of aluminum, the photocurrent decreases. This is linked to the fact that, prior 

to the modification, CuO photocorrosion proceeds with a high Faradaic efficiency, while 

upon the modification virtually all of the photocurrent leads to hydrogen evolution.  

In the case of gallium, similar conclusions compared to those obtained with aluminum 

adsorption can be drawn. However, the case of adding gallium by drop-casting does not 

present a clear trend as a function of the amount of gallium added. It can be linked to the 

fact that the role of water obscures the possible effects of gallium. The explanation given 

in this report is applicable to our previous results with the modification of cupric oxide with 

Mg by drop-casting.[34] It is important to highlight that, contrary to the case of aluminum or 

iron (previously reported by us), where the cations play an important role while the effect 

of water is secondary, in the case of gallium or magnesium, the improvements observed 

in stability are mainly due to the effect of pre-wetting followed by thermal treatment. 
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8.5 Conclusions 

In summary, in this work cupric oxide photoelectrodes constituted by nanowires have been 

synthesized by copper electrodeposition followed by chemical oxidation and thermal 

treatment. CuO NWs exhibits a high initial photoactivity with photocurrents of about -1.5 

mA·cm-2 (200 mW cm-2, λ > 350 nm). However, a dark anodic current derived from the re-

oxidation of the copper species partially reduced under illumination is observed, which 

means that the material suffers photocorrosion. Two strategies based on the addition of 

aluminum have been implemented to stabilize the electrodes against photocorrosion. On 

the one hand, an easy and cost-effective methodology based on adsorption was followed. 

Specifically, it consists on immersion into an aluminum precursor solution, followed by 

rinse and thermal treatment. After the incorporation of a monolayer of aluminum, the 

stability of cupric oxide increases from 2 % up to 80 %. On the other hand, a simple 

impregnation by drop casting was also used followed by a thermal treatment. It is important 

to highlight that the mere addition of pure water followed by a thermal treatment already 

leads to a drastic change in the photoelectrode behavior. Such a treatment could change 

the termination of the structure, from metal-terminated to oxygen-terminated, partially 

blocking electron transfer. Thus, the photocurrent diminishes but with a drastic increment 

in stability. After the addition of aluminum, the photocurrents increase while keeping 

constant the stability at values about 80 %. From these results, the aluminum incorporated 

by drop-casting seems to play a role promoting electron transfer. Interestingly, the amount 

of aluminum necessary to observe this promotion is minimum, which points to the fact that 

this modification occurs at the surface level. Analogous strategies were followed to 

incorporate gallium, leading to similar results.  

From a practical point of view, the methods reported here for both electrode preparation 

and protection, are cost-effective and easily scalable. However, further work should be 

done to improve the final photocurrents achieved. In this respect, the addition of co-
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catalysts to enhance electron transfer and thus to increase the photocurrents obtained is 

underway in our laboratory. 
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8.8 Supporting Information 

8.8.1 Experimental details 

8.8.1.1 Stabilization by adsorption of gallium 

A stabilization of copper (II) oxide by adsorption of gallium was attempted. The procedure 

employed was exactly the same as for Al but using gallium acetylacetonate (Ga(C5H7O2)3, 

Aldrich, 99.99%) instead of the aluminum precursor referred to in the main manuscript. As 

in the aluminum study, the Ga-precursor concentrations employed ranged from 0.01 to 0.5 

mol L-1 in i-propanol. The same strategies related to the thermal treatment were tested, (i) 

no thermal treatment and (ii) thermal treatment at different temperatures and times. The 

nomenclature employed is shown in Table S8.1.  

Table S8.1. Molar concentration of the gallium precursor and nomenclature employed. 

Nomenclature employed [Ga(acac)3] / mmol L-1 

Ga:ad:0* 0 

Ga:ad:1 0.01 

Ga:ad:2 0.05 

Ga:ad:3 0.10 

Ga:ad:4** 0.50 

*This sample was only thermally treated. 

**Turbidity in the precursor solution was observed. 

8.8.1.2 Stabilization by employing gallium nitrate as a precursor 

Analogously, the impregnation method was carried out using gallium nitrate as a gallium 

precursor (Ga(NO3)3·xH2O, Alfa Aesar, 99.9%). Table S8.2 gathers the nomenclature 

employed for each concentration tested. After applying the drop-casting methodology, the 

electrodes were dried at 90 ºC for 10 minutes and then thermally treated in air at 550 ºC 

for 7.5 h.  
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Table S8.2. Molar concentration of the gallium precursor and nomenclature employed. The volume of a droplet 
is of 25 µL. The geometric area of copper (II) oxide is 1 cm2. 

Nomenclature employed [Ga(NO3)3] / µmol L-1 

Ga:dc:0* 0 

Ga:dc:1 1.9 

Ga:dc:2 9.5 

Ga:dc:3 19 

Ga:dc:4 57 

Ga:dc:5 95 

Ga:dc:6 190 

Ga:dc:7 285 

Ga:dc:8 380 

*A drop of 25 µL of H2O was placed on this sample prior to the thermal treatment. 

8.8.2 Sample characterization and Photoelectrochemical characterization 

8.8.2.1 XPS spectra of Cu 2p and Ga 2p 

As mentioned in the article, the XPS spectra for the Cu 2p region can be completely 

attributed to CuO as shown inFigure S8.1a. In the case of pristine cupric oxide, the Cu 2p 

peaks corresponding to Cu 2p3/2 and Cu 2p1/2 were centred at 933.7 and 953.6 eV, 

respectively.[1-4]. After having treated thermally CuO, these peaks shift around 0.2 eV to 

lower binding energies. Nonetheless, after incorporation of aluminum, the displacement of 

the peaks is larger, with a shift close to 0.5 eV to lower binding energies. It could be related 

to the fact that the binding energy value changes depending on the bonding state of the 

atoms and their surroundings; since an increase in metallic bond character shifts the 

spectra to lower values of binding energies.  

Figure S8.1b shows Ga 2p free of interferences from copper, allowing us to verify and 

quantify the presence of gallium in the modified samples, obtaining a surface atomic 

percentage of 3 %. The same amount of aluminum is expected to be on the surface of 

Al:ad:3.  
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Figure S8.1. (a) Cu 2p XPS for pristine cupric oxide (CuO), cupric oxide thermally treated (Al:ad:0), cupric 
oxide modified with aluminum by adsorption (Al:ad:3) and cupric oxide modified with aluminum by adsorption 
without thermal treatment (Al:ad:3(nTT)); and (b) Ga 2p XPS region for cupric oxide modified with gallium by 
adsorption, concretely Ga:ad:3 and Ga:ad:3(nTT). 
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8.8.2.2 Optimization of the thermal treatment conditions: duration and 

temperature 

 

Figure S8.2. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L-1 NaOH electrolyte for 
Al:ad:1 thermally treated at 550 ºC for different times. (a) Linear voltammograms obtained under chopped 
illumination (200 mW cm-2, λ > 350 nm), (b) cyclic voltammograms obtained in the dark and (c) 
chronoamperometric curves obtained under illumination (200 mW cm-2, λ > 350 nm) at a constant potential of 
-0.4 V vs. Ag/AgCl. 
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Figure S8.3. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L-1 NaOH electrolyte for 
Al:ad:1 thermally treated at different temperatures for 7.5 h. (a) Linear voltammograms obtained under 
chopped illumination (200 mW cm-2, λ > 350 nm), (b) cyclic voltammograms obtained in the dark and (c) 
chronoamperometric curves obtained under illumination (200 mW cm-2, λ > 350 nm) at a constant potential of 
-0.4 V vs. Ag/AgCl. 
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8.8.2.3 Stabilization by adsorption of gallium 

 

Figure S8.4. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L-1 NaOH electrolyte for 
different samples of cupric oxide modified by gallium adsorption. (a) Linear voltammograms obtained under 
chopped illumination (200 mW cm-2, λ > 350 nm), (b) cyclic voltammograms obtained in the dark and (c) 
chronoamperometric curves obtained under illumination (200 mW cm-2, λ > 350 nm) at a constant potential of 
-0.4 V vs. Ag/AgCl. 
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Figure S8.5.  Left axis stability (ratio between final and initial photocurrents in the stability test, red bars) and 
right axis initial current (black squares) for the samples: CuO, Ga:ad:0, Ga:ad:1, Ga:ad:2, Ga:ad:3 and 
Ga:ad:4. 

8.8.2.4 Photoelectrochemical characterization of pre-wetting CuO with H2O 

To analyze the possible effect that the addition of water and the subsequent thermal 

treatment may have on both photocurrent and stability, Figure S8.6 shows the 

corresponding photoelectrochemical characterization of pristine cupric oxide, thermally 

treated cupric oxide (Al:ad:0), cupric oxide with a drop of water and thermally treated 

(Al:dc:0) and cupric oxide with a drop of water without thermal treatment (CuO + H2OwoTT). 

As observed, the addition of a water drop without thermally treating the sample does not 

quantitative change the behavior of the sample, reaching similar currents (both under 

illumination and in the dark) and showing similar stability. After having thermally treated 

pristine cupric oxide (Al:ad:0) a decrease in the photocurrent is observed from -1.5 mA·cm-

2 to -0.3 mA·cm-2 at -0.4 V. In addition, as observed in Figure S8.6b, the dark current 

associated with the re-oxidation of Cu(I) and Cu(0) into Cu(II) has clearly diminished, which 

implies that the material is less photocorroded. However, the stability test reveals that, 

although stability increases in comparison to CuO and CuO + H2OwoTT, after 6 minutes of 

continuous illumination at an applied potential of -0.4 V, the photocurrent decreases, 

reaching values close to 0 after 10 minutes. However, when cupric oxide is thermally 

treated after the addition of a drop of water, the photocurrent decreases but no oxidation 
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current is subsequently observed in the dark, and the stability test shows an almost 

constant current. 

 

Figure S8.6. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L-1 NaOH electrolyte for 
cupric oxide (CuO), thermally-treated cupric oxide (CuO:ad:0), cupric oxide thermally treated after the addition 
of a drop of water (Al:dc:0) and cupric oxide after the addition of a water drop without thermal treatment (CuO 
+ H2OwoTT). (a) Linear voltammograms obtained under chopped illumination (200 mW cm-2, λ > 350 nm), (b) 
cyclic voltammogram obtained in the dark and (c) chronoamperometric curve obtained under illumination (200 
mW cm-2, λ > 350 nm) at a constant potential of -0.4 V vs. Ag/AgCl. 
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It is worth noting that after pre-wetting with water (Al:dc:0) and subsequent thermal 

treatment, the initial photocurrent drastically diminishes together with an increment in 

stability. According to these results, it is observed that the gain in stability is related to the 

thermal treatment after the pre-wetting. It can be argued that after addition of water with 

its subsequent thermal treatment, the surface of the sample suffers a reordering. However, 

both XPS spectra of oxygen and copper for the samples pre-wetted or not with water, with 

and without thermal treatment, remain almost constant as shown in Figure S8. Müller et 

al. reported that it is possible to make a chemical selective etching, even reaching to 

change the character of the material from n type to p type.[5] Taking this into consideration, 

tentatively our results are explained by a change on the chemical termination of the 

structure from metal to oxygen thanks to a thermal treatment preceded by water, although 

further work is needed for supporting this notion. The termination change may lead to a 

blockage of the electronic transfer of the majority carrier, and thus, decreasing the 

photocurrent obtained. 

8.8.2.5 XPS Spectra of Cu 2p and O 1s 

Figure S8.7 shows XPS spectra for the Cu 2p region. As previously discussed, it was again 

completely attributed to CuO in all the cases. As shown, after addition of water (with and 

without thermal treatment) the corresponding peaks of Cu 2p3/2 and Cu 2p1/2 keep being 

centered at 933.7 and 953.6 eV, as for pristine cupric oxide. However, after the addition 

of aluminum, these peaks shift to lower binding energies, concretely to 933.4 and 953.2 

eV respectively. Similarly to the adsorption case, after the incorporation of aluminum in 

addition to the observed shift, there is also a decrease in the peak intensity, which indicates 

that copper exposed to the surface gradually decreases. 
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Figure S8.7. Cu 2p XPS region for cupric oxide (CuO), CuO pre-wetted with water (CuO + H2OwoTT), cupric 
oxide wet with water thermally treated (Al:dc:0), and cupric oxide modified with aluminum by drop-casting 
(Al:dc:4). 

 

     

Figure S8.8. (a) Cu 2p XPS region and (b) O 1s XPS region for CuO, Al:ad:0, Al:dc:0 and CuO after wetting 
with a drop of water. 

 

Figure S8.9. FE-SEM top-view image for Al:dc:5, showing a particle of Al2O3 or Al(OH)3. 
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8.8.2.6 Stabilization by employing gallium nitrate as a precursor 

 

Figure S8.10. (Photo)electrochemical characterization in N2-purged aqueous 1 mol L-1 NaOH electrolyte for 
different samples of cupric oxide modified with gallium by drop-casting. (a) Linear voltammograms obtained 
under chopped illumination (200 mW cm-2, λ > 350 nm), (b) cyclic voltammograms obtained in the dark and 
(c) chronoamperometric curves obtained under illumination (200 mW cm-2, λ > 350 nm) at a constant potential 
of -0.4 V vs. Ag/AgCl. 
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Figure S8.11. Left axis stability (ratio between final and initial photocurrents in the stability test, red bars) and 
right axis initial current (black squares) for the samples modified with gallium by drop-casting. 
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From the present PhD, several conclusions can be drawn: 

▪ Effective modification of hematite nanorods has been achieved by a simple drop 

casting methodology with an aqueous solution of a Mo-precursor. By using this 

methodology, the total amount of Mo introduced into the hematite is quantitatively 

known through a control of the precursor concentration. Additionally, this 

modification does not trigger any change in the nanorod morphology. However, the 

nanorods obtained present an increased roughness of the nanorod walls.  

 

▪ The addition of Mo by drop casting not only affects the response in the dark, 

increasing the accumulation region, but also affects the photocurrent, showing a 

dramatic improvement. Both changes strongly suggest that Mo has a double role 

in the modification of hematite electrodes. On the one hand, it would increase 

conductivity as a result of an increase of the majority carrier concentration. On the 

other hand, surface Mo species would act as a passivating agent, blocking surface 

states associated with the valence band. Although the addition of molybdenum by 

drop casting produces an increment in conductivity and photocurrent, it also 

triggers a shift of the photocurrent onset toward more positive potentials.  

 

▪ The addition of a molybdenum precursor to the chemical bath, contrary to addition 

by drop casting, produces substantial changes in both the thickness of the obtained 

film and its morphology, yielding thinner films of polyhedral nanoparticles instead 

of nanorods. The incorporation in hematite of a metal present in the bath in anionic 

form has been demonstrated for the first time. 

 

▪ The hematite photoactivity increases upon Mo modification due to both the 

formation of a Mo-rich stable passivating film and the improvement of hole 
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transport to the interface and transfer to solution linked to the smaller particle size. 

Moreover, this methodology is simple, reproducible, low-cost and scalable. 

 

▪ Hematite nanorod photoanodes were correctly passivated by modification with 

ytterbium overlayers added through drop casting. According to the XPS data 

obtained, it is suggested that ytterbium is present as Yb2O3, and it avoids the 

trapping of conduction band electrons. Moreover, these overlayers also produce 

electron enrichment. 

 

▪ A bifunctional modification with Mo and Yb is correctly achieved showing a 

synergetic character. The order in which the modifiers are added is of real 

importance, being necessary in this particular case to add ytterbium last as it 

produces a passivating layer. 

 

▪ Cupric oxide photocathodes were correctly synthesized by means of simple 

electrodeposition followed by chemical oxidation. These electrodes show good 

photoresponse in terms of photocurrent. However, the Faradaic efficiency for 

hydrogen evolution is 45 %, which means that the majority of the obtained 

photocurrent is due to cupric oxide photocorrosion.  

 

▪ Regarding cupric oxide, it has been demonstrated that the core-shell structure with 

CuFe2O4 is a proper way to protect CuO against photocorrosion. This modification 

is carried out through the addition of an iron precursor by means of drop casting 

followed by a long-term thermal treatment that leads to the formation of a shell of 

a ternary copper iron oxide. However, the attained photocurrents drastically 

diminish compared to pristine cupric oxide. The formation of an external layer in 

the nanowires of CuFe2O4 increases the stability of CuO, and thus, the Faradaic 
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efficiency from 45 % in the case of pristine cupric oxide to almost 100 % in the case 

of cupric oxide modified with iron. 

 

▪ Cupric oxide photocathodes have been correctly stabilized by means of Al 

adsorption. After the adsorption of one Al monolayer, the photocurrent diminishes 

in contrast with the stability, which increases from 2 % up to 80 % (measured as 

retention of the photocurrent after 20 minutes at an applied potential of -0.4 V vs. 

Ag/AgCl). 

 

▪ The addition of pure water to cupric oxide followed by a thermal treatment triggers 

a drastic change in the photoelectrode response, probably linked to a modification 

in the termination of the structure. This change might be from a metal-terminated 

to an oxygen-terminated surface, partially blocking electron transfer. Thus, the 

photocurrent obtained diminishes but with a drastic increment in stability (up to 80 

%). 

 

▪ The addition of an aqueous solution containing a low amount of aluminum by drop 

casting increases the photocurrent obtained in comparison to that of cupric oxide 

modified with water, reaching a similar stability degree. This fact points out the 

aluminum role as electron transfer promoter. 

 

▪ The concept of a bias-free water splitting photoelectrochemical tandem cell based 

on a hematite photoanode modified with phosphorus and a cupric oxide 

photocathode modified with iron together with an alkaline electrolyte membrane 

has been demonstrated. 

 

▪ The employment of a polymer electrolyte membrane instead of the typical acidic or 

basic aqueous liquid electrolyte diminishes the photocorrosion of the 
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photoelectrodes, and thus, increases the life time of the device. This particularly 

applies to the cupric oxide photocathodes. 

 

▪ There is still a long way to go to obtain efficient devices for solar water splitting. 

The efforts should focus on (i) increasing the photoactivity of the materials, and (ii) 

improving the interface between the photoelectrode and the membrane. 

 

In summary, the present thesis incorporates new methodologies with the aim of both 

improving the phototoresponse of hematite and cupric oxide photoelectrodes, and 

advancing in the development of practical devices for solar water splitting based on these 

materials.  
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La presente Tesis Doctoral, desarrollada en el Departamento de Química Física de la 

Universidad de Alicante, se centra en el desarrollo y mejora de fotoánodos de hematita y 

fotocátodos de óxido de cobre (II) para la generación de hidrógeno solar, así como en el 

desarrollo de un dispositivo tándem que combine ambos fotoelectrodos.  

Desde la revolución industrial, el consumo energético debido al crecimiento y desarrollo 

económico no ha cesado de aumentar. Este incremento, a su vez, lleva asociado un 

aumento en el consumo de combustibles fósiles (fuente mayoritaria de energía), 

agravando así la problemática medioambiental producida por los gases de efecto 

invernadero tales como el CO2. Si a este hecho le añadimos que las previsiones auguran 

un incremento en la demanda energética de 36 TW (frente a los 15 TW anuales actuales) 

para el año 2050, se hace evidente la urgencia y necesidad de investigar en fuentes de 

energía capaces de suministrar tal demanda y que, además, sean respetuosas con el 

medio ambiente.  

A pesar de que desde el año 2000 el uso de energías renovables para la producción de 

electricidad ha aumentado considerablemente, alcanzando un 25 % en 2017, el uso de 

combustibles fósiles seguirá siendo una necesidad en las próximas décadas debido a la 

falta de infraestructuras y tecnologías eficientes en el aprovechamiento de energías 

renovables. 

De entre todas las fuentes de energía renovables, la energía solar es la que mayor 

potencial presenta. Cada año, el sol irradia nuestro planeta con aproximadamente 105 

TW, por lo que, únicamente aprovechando el 3 % de la radiación emitida por el sol, podría 

cubrirse la demanda prevista para el año 2050. Por este motivo, en las últimas décadas 

el interés en aprovechar la energía solar ha ido aumentando. En este sentido, la 

fotosíntesis artificial se postula como una tecnología prometedora no solo para convertir 

la energía solar en eléctrica, sino también para generar combustibles respetuosos con el 

medioambiente como H2, CH4 o CH3OH. De entre estos combustibles, el hidrógeno 

presenta ciertas ventajas frente al metano o metanol, como su alta densidad energética, 
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3 veces superior a la de la gasolina y su combustión, que no libera compuestos de 

carbono, evitando así incrementar el problema del efecto invernadero. Además, el 

hidrógeno se genera a partir de la fotoelectrolisis del agua, por lo que la materia prima es 

económica y abundante.  

En 1972, Fujishima y Honda describieron la primera célula fotoelectroquímica para la 

disociación del agua en O2 y H2. Dicha célula estaba constituida por un fotoánodo de 

dióxido de titanio y un contraelectrodo de Pt, sobre el que se desprendía hidrógeno. En el 

fotoánodo se desprendía oxígeno, llevándose a cabo la fotodisociación del agua: 

               H2O (l)
hυ
→ H2 (g)+

1

2
O2 (g)      ΔG298 K

0
=237 kJ mol

-1
  

El impacto de este trabajo fue enorme y se suele considerar que la fotoelectroquímica de 

los semiconductores nace con este primer estudio de fotoelectrolisis del agua. Sin 

embargo, después de haber transcurrido casi 50 años, el tema sigue siendo objeto de 

intensas investigaciones debido a que todavía no se ha encontrado un sistema 

competitivo debido a las bajas eficiencias y estabilidades reportadas. Uno de los sistemas 

más prometedores en cuanto a bajo coste y eficiencia teórica son las células tándem 

fotoelectroquímicas, cuyos componentes principales son materiales semiconductores 

absorbentes de luz. Es por ello que la correcta elección de los materiales (fotoánodo y 

fotocátodo) es de vital importancia. Las principales características que deben cumplir los 

materiales semiconductores para actuar como fotoánodos/fotocátodos son: 

▪ Buena absorción de la luz visible 

▪ Elevada estabilidad química, tanto en oscuridad como bajo condiciones de 

iluminación (interrumpida y continuada)  

▪ Posiciones de las bandas favorables para la reducción/oxidación del agua 

▪ Transporte de carga eficiente 

▪ Bajos sobrepotenciales para la reducción/oxidación del agua 

▪ Bajo coste 
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La región del espectro solar que absorbe un material semiconductor viene determinada 

por su anchura de banda prohibida. Se requiere una anchura mínima de 1.9 eV, capaz de 

sobrepasar las barreras cinéticas y termodinámicas de la fotodisociación del agua. Por 

otro lado, es importante conocer que, por debajo de 400 nm la intensidad de la luz solar 

disminuye considerablemente, por lo que un valor adecuado de anchura de banda 

prohibida se encontraría entre 1.9 y 3.1 eV, es decir, en el rango del espectro visible solar. 

De entre las características que deben cumplir los semiconductores, la estabilidad juega 

un papel de vital importancia, puesto que limita la vida útil de los dispositivos. La mayoría 

de los semiconductores no óxidos son inestables bajo las condiciones de trabajo, por lo 

que, generalmente se emplean óxidos semiconductores de metales. 

Por desgracia, solo unos pocos materiales cumplen los requisitos anteriormente 

comentados, y, lamentablemente, tienen una anchura de banda prohibida excesivamente 

grande o son inestables en medios acuosos. Hasta el momento, no se ha encontrado un 

material semiconductor que cumpla todos los requisitos y pueda realizar eficientemente 

la fotodisociación del agua. Sin embargo, la combinación de dos semiconductores con 

absorciones de luz complementarias en una célula tándem presenta diversas ventajas, 

entre ellas, la mejora en la eficiencia del proceso. Además, este tipo de dispositivos facilita 

la búsqueda de materiales puesto que estos deben cumplir menos requerimientos. Estos 

dispositivos constan de un fotocátodo, donde se produce hidrógeno solar, y un fotoánodo, 

donde ocurre la fotooxidación del agua. 

De entre todos los posibles candidatos para la disociación fotoelectroquímica del agua, la 

hematita ha sido ampliamente estudiada como fotoánodo debido a su elevada 

abundancia, alta estabilidad y adecuada anchura de banda prohibida. Sin embargo, la 

hematita también presenta una serie de inconvenientes que deben ser erradicados para 

su aplicación práctica, como son su alta velocidad de recombinación, la baja movilidad de 

sus portadores de carga y la baja eficiencia de transferencia de carga. 
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Por otro lado, en cuanto a los fotocátodos, el óxido de cobre (II) se postula como un 

candidato prometedor debido a su pequeña anchura de banda prohibida, su baja toxicidad 

y su bajo coste. Sin embargo, en contraposición, el óxido de cobre (II) presenta una baja 

estabilidad ya que se fotocorroe en medios acuosos. 

Por todos los motivos anteriormente expuestos, a continuación se enumeran los 

principales objetivos de la presente Tesis Doctoral: 

▪ Sintetizar electrodos de óxidos semiconductores, particularmente hematita y óxido 

de cobre (II), mediante depósito por baño químico y electrodepósito 

respectivamente, para su posterior empleo en dispositivos fotoelectroquímicos. 

▪ Caracterizar los óxidos sintetizados mediante diferentes técnicas de carácter 

espectroscópico, microscópico y de difracción tales como espectroscopía UV-vis, 

espectroscopía fotoelectrónica de rayos X, espectroscopía Raman, microscopía 

electrónica de barrido, microscopía electrónica de transmisión y difracción de 

rayos X. 

▪ Caracterizar fotoelectroquímicamente los materiales sintetizados para cuantificar 

su fotoactividad respecto a la generación de hidrógeno u oxígeno, así como su 

estabilidad mediante técnicas tales como voltametría cíclica y lineal, 

cronoamperometrías, cronopotenciometrías, así como medidas de impedancia. 

▪ Investigar diferentes estrategias para mejorar la transferencia de carga, limitar la 

recombinación y aumentar la eficiencia en la generación de oxígeno en el caso de 

la hematita, tales como dopado, modificación superficial o cambio morfológico. 

▪ Investigar diferentes estrategias para mejorar la estabilidad, y por tanto la 

eficiencia en la generación de hidrógeno solar en electrodos de óxido de cobre 

tales como la formación de una capa protectora, o el pasivado de los sitios activos 

para la reducción del cobre. 
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▪ Construir una célula fotoelectroquímica tándem con electrodos de hematita y óxido 

de cobre (II) y estudiar cómo afecta la incorporación de electrolito de membrana 

polimérica a la estabilidad y actividad de la misma. 

En la presente tesis se recoge de forma detallada en ocho capítulos estrechamente 

relacionados la investigación realizada en este campo, incluyendo los métodos 

experimentales, así como los resultados y conclusiones más relevantes derivados de 

cada objetivo. De estos ocho capítulos, el primero de ellos considera aspectos 

introductorios necesarios para la comprensión de la temática, dejando entrever la 

problemática medioambiental existente. Además, se repasan conceptos básicos en el 

ámbito de los materiales semiconductores, de vital importancia para la compresión de los 

siguientes capítulos. El segundo capítulo se centra en la descripción de las metodologías 

y técnicas empleadas en el transcurso de la tesis para la consecución de los objetivos. 

Los capítulos comprendidos entre el 3 y el 8, ambos inclusive, describen la consecución 

de los tres primeros objetivos planteados en la presente tesis. Los capítulos 3, 4 y 5 se 

consagran a la consecución del cuarto objetivo propuesto anteriormente. Los capítulos 6 

y 8 se centran en el quinto objetivo mientras que, el sexto objetivo se desarrolla 

íntegramente en el capítulo 7. Los capítulos comprendidos entre el 3 y el 7 han sido 

publicados en diferentes revistas científicas indexadas, mientras que los resultados 

presentados en el capítulo 8 serán próximamente enviados para su publicación. A 

continuación se presenta un breve resumen de cada uno de los capítulos abordados a lo 

largo de la presente tesis. 

CAPÍTULO 1. Introducción General 

En el primer capítulo de la presente tesis doctoral se aborda la problemática 

medioambiental debida al consumo excesivo de combustibles fósiles, con la emisión 

asociada de gases de efecto invernadero tales como el CO2. Se analiza la evolución de 

la incorporación de las fuentes de energía renovable, con especial énfasis en la energía 
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solar debido a que, con tan solo aprovechar el 3% de la radiación que llega a la Tierra, se 

podrían cubrir las previsiones de las necesidades energéticas para un futuro cercano. 

En este sentido, se abarca la implementación de nuevas metodologías libres de emisiones 

de carbono, generando H2 en el contexto de la fotosíntesis artificial. Para ello, se realiza 

un repaso a los conceptos básicos de los materiales semiconductores (material 

absorbente), centrándose en sus propiedades físico-químicas. Además, se incorpora una 

extensa revisión de los materiales puestos a estudio en esta tesis (hematita y óxido de 

cobre, fotoánodo y fotocátodo, respectivamente), tanto a nivel de propiedades como de 

avances encontrados en la literatura. 

Por último, se recoge y comparan diferentes tecnologías para la fotoelectrolisis tales como 

dispositivos fotovoltaico-fotoelectroquímico, fotovoltaico-electrolizador y células tándem 

fotoelectroquímicas, con énfasis en estas últimas debido a las ventajas que presentan. 

CAPÍTULO 2. Métodos experimentales 

En el segundo capítulo se describen en detalle cada una de las técnicas utilizadas a lo 

largo de la tesis, incluyendo metodologías tanto de síntesis como de modificación, así 

como los métodos utilizados para caracterizar los materiales preparados, tanto foto-

electroquímicamente como morfológica y estructuralmente.  

El inicio del capítulo se centra en la preparación de los electrodos a estudiar, detallando 

metodologías y condiciones de síntesis, y reactivos empleados. En el caso de la síntesis 

de hematita, esta se realizó mediante depósito por baño químico con su consiguiente 

tratamiento térmico. Se estudiaron tres metodologías diferentes para la modificación de 

la hematita, como son la adición del modificante por el método de impregnación o drop 

casting, la adición del precursor del modificante en el baño químico, así como la 

modificación por spray.  

Por otro lado, el óxido de cobre se sintetizó mediante electrodepósito de cobre, seguido 

de su oxidación química y finalmente tratamiento térmico. Con el objetivo de proteger el 
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óxido de cobre (II) frente a su fotocorrosión, dos metodologías de modificación fueron 

estudiadas, de nuevo su modificación por impregnación y, además también se estudió la 

modificación por adsorción. 

En cuanto a las técnicas de caracterización fotoelectroquímica, en primer lugar, se 

describen los dispositivos mediante los cuales fue posible realizar dicha caracterización, 

tales como la célula convencional de tres electrodos y dos compartimentos, el montaje 

tándem, así como las diferentes fuentes de iluminación empleadas. Posteriormente se 

describen técnicas electroquímicas tales como voltametría cíclica y lineal, 

cronoamperometría, cronopotenciometría e impedancias.  

Respecto a las técnicas de caracterización físico-químicas, en el capítulo dos se 

describen la espectroscopía UV-vis, la espectroscopía fotoelectrónica de rayos X, la 

espectroscopía Raman, la difracción de rayos X, la microscopía electrónica de barrido y 

la microscopía electrónica de transmisión. 

Por último, se describe brevemente la cromatografía de gases, técnica de análisis 

cuantitativo empleado en la determinación del hidrógeno generado empleando óxido de 

cobre (II) como fotocátodo. 

CAPÍTULO 3. Estudios fotoelectroquímicos sobre electrodos de nanocolumnas de 

hematita modificados con molibdeno 

En el capítulo 3 de la presente Tesis Doctoral se presenta la respuesta fotoelectroquímica 

y la caracterización físico-química de electrodos de hematita con morfología de 

nanocolumnas. Una vez sintetizados los electrodos de hematita mediante baño químico 

con el objetivo de mejorar su actividad fotoelectroquímica, fueron modificados con 

molibdeno. Se siguieron dos alternativas diferentes para incorporar el molibdeno mediante 

drop casting a partir de una disolución de heptamolibdato amónico: (i) adicionar en un 

único paso la cantidad deseada de molibdeno, y (ii) adicionar múltiples veces una cantidad 

fija de molibdeno hasta obtener la cantidad deseada de este. Los electrodos estudiados 
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(tanto intrínsecos como modificados) fueron caracterizados tanto 

fotoelectroquímicamente como morfológica y estructuralmente. Los resultados revelan 

que la incorporación de molibdeno mediante el método de impregnación no causa 

cambios significativos en la estructura y morfología de las nanocolumnas de hematita. Es 

importante resaltar que la incorporación de molibdeno mejora la fotoactividad de los 

electrodos, incrementando la fotorrespuesta en un factor 43x. Además, gracias al análisis 

Mott-Schottky, se confirmó que la modificación de hematita con molibdeno aumenta la 

concentración de electrones, sin embargo, el inicio de la fotorrespuesta se vio alterado y 

desplazado hacia valores más positivos. Cabe destacar que, de acuerdo con los 

resultados mostrados, el molibdeno no solo actúa como dopante, mejorando la 

conductividad debido al aumento de la concentración de electrones, sino que también 

actúa como un agente pasivante de estados superficiales. Resaltar que mediante la 

metodología empleada en la preparación de los electrodos, la cantidad de molibdeno 

incorporada puede ser controlada de manera precisa.  

CAPÍTULO 4. Respuesta fotoelectroquímica de electrodos de nanopartículas de 

hematita modificados con molibdeno  

En este capítulo se continúa estudiando la modificación de los electrodos de hematita con 

molibdeno, pero a diferencia del capítulo 3, en este caso el precursor de molibdeno se 

añade directamente en el baño químico a partir del cual se obtiene la hematita. Se observa 

que la adición de molibdeno en el baño químico provoca, no solo una ralentización en la 

formación de la película de hematita, sino también un cambio sustancial en la morfología 

final, pasando de ser nanocolumnas orientadas en la dirección (110) en ausencia de 

molibdeno a nanopartículas poliédricas. A pesar de pasar de una película ordenada a otra 

con mayor grado de desorden, todavía se observa un aumento significativo en la 

fotocorriente de oxidación de agua. Este aumento se debe principalmente a la formación 

de una capa pasivante rica en molibdeno y a la mejora en el transporte y transferencia de 

huecos debido a la disminución del tamaño de partícula.  
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En comparación con otras metodologías reportadas para la incorporación de molibdeno, 

este procedimiento presenta ciertas ventajas, entre ellas la simplicidad con la que se lleva 

a cabo la modificación, la alta reproducibilidad, su bajo coste y su facilidad para un posible 

escalado. Además, permite obtener, de manera sencilla, películas ultradelgadas 

controlando únicamente la cantidad de molibdeno añadida al baño. Sin embargo, las 

fotocorrientes obtenidas son ligeramente inferiores a las conseguidas mediante adición 

de molibdeno por métodos de impregnación. 

Por otro lado, se ha demostrado por primera vez la posibilidad de incorporar un metal 

adicionado directamente en el baño químico y presentando una forma aniónica. 

CAPÍTULO 5. Modificación con iterbio y molibdeno de electrodos de hematita como 

estrategia para aumentar la eficiencia en la oxidación del agua 

En el capítulo 5 de la presente tesis doctoral se presenta una metodología nueva, simple 

y sencilla para introducir óxido de iterbio como una capa pasivante sobre las 

nanocolumnas de hematita. De nuevo, los electrodos de hematita fueron sintetizados 

mediante depósito por baño químico con posterior tratamiento térmico. La adición de 

iterbio se realizó mediante el método de impregnación (drop casting). Tras realizar una 

extensa caracterización a nivel morfológico y estructural mediante FE-SEM, DRX y XPS, 

los resultados no revelaron un cambio significativo en la morfología, manteniendo intactas 

las nanocolumnas. Sin embargo, tras realizar la caracterización fotoelectroquímica se 

observó un aumento significativo en la fotocorriente, llegando a obtener 14x a 1.23 V vs. 

RHE. A diferencia de los casos estudiados previamente con la modificación con 

molibdeno, en este caso no se observó un desplazamiento en el fotoonset. Los resultados 

obtenidos mediante la modificación con iterbio señalan la posibilidad de que el iterbio 

induce la formación de una capa pasivante, lo cual podría extrapolarse con el empleo de 

otros lantánidos.  
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Se realizó un segundo estudio centrado en una modificación bifuncional. En este caso se 

añadieron tanto iterbio como molibdeno. Los resultados mostraron que la fotorespuesta 

obtenida añadiendo los dos modificantes es muy superior a la obtenida añadiendo 

únicamente un modificante. Además, se ha demostrado que el orden en el que se añaden 

afecta a la respuesta final del electrodo. En este sentido, la mejor respuesta se obtiene 

cuando el molibdeno se añade antes que el iterbio, demostrándose la existencia de 

sinergia, es decir, la respuesta que se obtiene es superior a la suma de la fotorrespuesta 

obtenida mediante la aplicación de un solo modificante. Esto último sugiere que, por un 

lado, el iterbio y el molibdeno se distribuyen de manera diferente sobre la hematita 

además de que tienen mecanismos de acción diferentes. 

CAPÍTULO 6. Mejora de la estabilidad y la eficiencia de fotocátodos de óxido de 

cobre (II) mediante su modificación con hierro para la producción de hidrógeno 

solar 

El capítulo 6 se centra en la utilización del óxido de cobre (II) como fotocátodo. Como se 

ha comentado en la introducción de la presente tesis, el óxido cúprico es considerado 

como un fotocátodo prometedor para la división fotoelectroquímica del agua debido a la 

buena posición del band-gap, su relativo bajo coste debido a la elevada abundancia de 

cobre en la corteza terrestre y su sencilla extracción. Sin embargo, como también se ha 

descrito en el capítulo de la introducción, el principal problema en el desarrollo de 

fotocátodos basados en óxido de cobre (II) para la producción de hidrógneno solar es su 

baja estabilidad frente a la fotocorrosión. En este trabajo se presenta una metodología 

sencilla y económica para la obtención de fotocátodos de CuO estables y eficientes.  

En primer lugar, la síntesis del CuO se realiza mediante un electrodepósito de cobre metal, 

seguido de una oxidación química y finalmente, su correspondiente tratamiento térmico 

dando lugar a electrodos nanoestructurados con morfología de nanohilos. Estos 

electrodos tienen una elevada fotorrespuesta en 1 mol L-1 NaOH. Sin embargo, parte de 

esa fotocorriente es debida a la fotocorrosión del Cu (II) a Cu (I) y Cu (0) (~ 55 %). La 
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protección de los fotocátodos de CuO fue realizada mediante la adición de hierro. Esta 

modificación se realizó, de nuevo, mediante método de impregnación (drop casting) 

seguido de un tratamiento térmico a alta temperatura y tiempo largo para promover la 

transformación de la parte externa de los nanohilos de CuO a un óxido ternario de cobre 

y hierro. Esta modificación produce un aumento considerable en la estabilidad, sin 

embargo, las fotocorrientes obtenidas disminuyen bastante, hasta un tercio del valor 

inicial. A pesar de esta disminución en la fotocorriente, la eficiencia en la generación de 

hidrogeno solar prácticamente alcanza el 100 % aún en ausencia de un co-catalizador. 

Esto puede deberse a la correcta posición de las bandas del óxido de cobre (II) y el óxido 

ternario de cobre-hierro en la estructura core-shell de los nanohilos. 

Desde un punto de vista práctico, la metodología que se plantea en este capítulo para la 

síntesis y posterior protección del óxido de cobre (II) es muy interesante debido a su bajo 

coste y facilidad para escalar el proceso.  

CAPÍTULO 7. Célula tándem fotoelectroquímica para la disociación del agua 

empleando un electrolito polimérico 

Como ya se ha comentado tanto en la introducción como en los capítulos previos, uno de 

los grandes problemas encontrados a la hora de desarrollar un dispositivo que combine 

fotoánodo y fotocátodo es la estabilidad a largo plazo de los materiales frente a la 

corrosión. Además, también es importante considerar aspectos en el diseño que faciliten 

el almacenamiento del hidrógeno y oxígeno generados en compartimentos separados y 

evitar así su recombinación. Teniendo todo esto en mente, el capítulo 7 abarca el diseño 

de una célula tándem formada por un fotoánodo de hematita y un fotocátodo de óxido 

cúprico. 

Tal y como se ha comentado en la introducción, una célula fotoelectroquímica está 

formada por dos fotoelectrodos con absorciones de luz complementarias. La función de 

estos dispositivos es la generación de hidrógeno solar para un futuro uso como 
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combustible. Con la finalidad de escalar y aumentar la vida útil de estos dispositivos, el 

uso de electrolito de membrana polimérica transparente en vez de electrolitos 

convencionales ácido o básicos más agresivos se plantea como una alternativa de gran 

interés. 

En este capítulo se desarrolla una célula tándem fotoelectroquímica basada en un 

fotoánodo de hematita modificado con fósforo, un fotocátodo de óxido de cobre 

modificado con hierro así como una membrana alcalina como electrolito. Se ha 

demostrado que este dispositivo trabaja incluso sin aplicación de un voltaje externo. Sin 

embargo, aunque los resultados presentados son buenos e interesantes, todavía hay 

muchos aspectos que mejorar como la interfase electrodo-membrana. Gracias a este 

trabajo también se ha demostrado que el empleo de electrolitos de membrana polimérica 

en vez del típico acuoso ácido o básico, mejora considerablemente la estabilidad del 

dispositivo, afectando especialmente en el caso del fotocátodo. 

Este capítulo se desarrolló durante la estancia en el centro de investigación Instituto di 

Tecnologie Avanzate per l’Energia “Nicola Giordano”, ITAE en Messina, Italia. Dicha 

estancia fue supervisada por D. Antonino Salvatore Aricò. 

CAPÍTULO 8. Nanohilos de óxido de cobre (II) estabilizados con aluminio para la 

generación de hidrógeno solar 

Como ya se ha comentado anteriormente, los fotocátodos basados en óxido cúprico 

(CuO) son materiales prometedores en fotoelectroquímica debido a la elevada 

abundancia del cobre en la corteza terrestre, su band gap estrecho y su posición. Además, 

la metodología de síntesis (electrodepósito) permite, de manera sencilla, su escalado. Sin 

embargo, todavía no se ha desarrollado un dispositivo práctico basado en óxido de cobre 

(II) debido a su baja estabilidad frente a la fotocorrosión.  

En el capítulo 8 de la presente tesis doctoral, se reporta la síntesis de fotocátodos estables 

basados en óxido de cobre (II) utilizando dos metodologías sencillas y económicas. Tras 
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haber preparado los electrodos de CuO con morfología de nanohilos mediante 

electrodepósito de cobre seguido de su oxidación química y posterior tratamiento térmico, 

se incorpora aluminio mediante: (i) adsorción de aluminio desde una disolución de 

acetilacetonato de aluminio o (ii) mediante drop casting de una disolución que contiene 

nitrato de aluminio como precursor. En ambos casos se requiere un tratamiento térmico 

para incorporar de manera eficiente el aluminio. Cabe destacar que, mediante ambas 

metodologías, la estabilidad de los materiales aumenta notablemente, pasando de tener 

una retención de la fotocorriente inicial de alrededor del 2 % tras 20 min de iluminación 

continua a un potencial aplicado de -0.40 V vs. Ag/AgCl a una del 80 % en presencia de 

aluminio. Sin embargo, tal y como ocurría en el capítulo 6, esta mejora en la estabilidad 

lleva asociada una bajada significativa en la fotocorriente.  

Por último, se realizó un estudio análogo empleando precursores de galio en vez de 

aluminio, obteniéndose conclusiones similares. 

 Conclusiones 

Mediante la investigación realizada en el marco de esta tesis se han desarrollado mejoras 

significativas en dos de los materiales que mayor probabilidad tienen para ser empleados 

en dispositivos tándem; además, se ha abierto una nueva ruta para incrementar la 

estabilidad y el rendimiento en este tipo de dispositivos. A continuación, se enumeran las 

principales conclusiones que pueden extraerse de esta tesis: 

▪ Se han modificado de manera efectiva los electrodos de hematita con molibdeno 

mediante un método sencillo como es el drop casting a partir de una disolución 

acuosa que contenía el precursor de molibdeno. La cantidad de molibdeno 

incorporada puede ser controlada mediante la concentración del precursor en la 

disolución acuosa. Mediante esta metodología de incorporación de molibdeno, la 

morfología final no sufre cambios, es decir, se mantiene en nanocolumnas, sin 

embargo, la rugosidad de estas nanocolumnas aumenta.  



 

 374 

▪ La adición de molibdeno mediante drop casting no solo afecta a la respuesta en 

oscuridad aumentando la zona de acumulación de carga, sino que también 

aumenta significativamente la fotocorriente obtenida. Ambos cambios sugieren 

que el molibdeno incorporado en la hematita actúa de dos formas. Por un lado, la 

conductividad de la hematita se ve incrementada como resultado del aumento en 

la densidad de portadores de carga mayoritarios. Por otro lado, el molibdeno que 

queda en superficie actúa como un agente pasivante, bloqueando los estados 

superficiales asociados a la banda de valencia. La adición de molibdeno mediante 

drop casting provoca un aumento en la conductividad y la fotocorriente obtenidas, 

sin embargo, el inicio de la fotocorriente (photo-onset) se ve desplazado hacia 

potenciales más positivos.  

▪ La adición de molibdeno al baño químico precursor de la hematita, a diferencia de 

la adición por drop casting, genera cambios sustanciales en el grosor de la película 

obtenida así como en la morfología de la misma, pasando de nanocolumnas a 

nanopartículas poliédricas. Se ha demostrado por primera vez la posibilidad de 

incorporar un metal a la hematita a partir de su forma aniónica.  

▪ La fotoactividad de la hematita modificada con molibdeno incorporado desde el 

baño químico mejora debido, por un lado, a la formación de una capa pasivante 

rica en molibdeno, así como a la mejora de la transferencia de huecos a la 

disolución debido al menor tamaño de partícula. Además, este procedimiento es 

sencillo, reproducible, de bajo coste y fácilmente escalable. 

▪ Las nanocolumnas de hematita han sido correctamente pasivadas gracias a la 

formación de capas pasivantes de iterbio añadido mediante drop casting. Medidas 

de XPS apuntan a la formación de capas de Yb2O3 que pasivan los estados 

superficiales de la hematita, evitando el atrapamiento de los electrodes de la 

banda de conducción. Además, dichas capas producen un enriquecimiento en 

electrones. 
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▪ Se ha conseguido una modificación bifuncional de carácter sinérgico con iterbio y 

molibdeno. El orden en el que se añaden los modificantes ha resultado ser de vital 

importancia, siento en este caso necesario añadir en último lugar el iterbio ya que 

forma una capa pasivante. 

▪ Se han sintetizado electrodos de óxido de cobre (II) mediante un proceso sencillo 

como es el electrodepósito seguido de una oxidación química. Dichos electrodos 

mostraron gran respuesta fotoelectroquímica bajo iluminación. Sin embargo, la 

eficiencia faradaica en la generación de hidrógeno no llegó a alcanzar el 50 %, por 

lo que gran parte de la fotocorriente obtenida se debía principalmente a la 

fotocorrosión del material.  

▪ Se ha demostrado que la transformación de fase en la superficie del óxido de cobre 

(II) con hierro mejora su estabilidad frente a la fotocorrosión. Dicha transformación 

se lleva a cabo mediante la adición por drop casting de una disolución que contiene 

el precursor de hierro, seguido de un tratamiento largo a alta temperatura para 

facilitar la transformación de la superficie del CuO a CuFe2O4 formando una 

estructura tipo core-shell. Sin embargo, las fotocorrientes obtenidas después de la 

modificación disminuyen considerablemente. Gracias a la formación de una capa 

externa de CuFe2O4 en los nanohilos de CuO, la estabilidad del material aumenta 

considerablemente y, por tanto, la eficiencia faradaica, aumentando ésta del 45 % 

en el caso de CuO al 100 % en el caso del óxido de cobre modificado con hierro 

en superficie. 

▪ Los electrodos de óxido de cobre (II) han sido correctamente estabilizados 

mediante la adsorción de aluminio. Tras adsorber una monocapa de aluminio, la 

fotocorriente obtenida disminuye pero la estabilidad del óxido de cobre aumenta 

notoriamente desde un 2 % a un 80 % (medida como retención de la fotocorriente 

tras 20 minutos de iluminación constante aplicando -0.4 V frente a un referencia 

Ag/AgCl. 
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▪ La adición de agua al óxido de cobre (II) por drop casting seguida de un tratamiento 

térmico de larga duración a altas temperaturas produce un cambio dramático en 

la respuesta del fotoelectrodo. Esto puede deberse a un cambio en la terminación 

de la estructura, de una rica en metal a otra rica en oxígeno, bloqueando de este 

modo la transferencia de electrones y disminuyendo, por tanto, la fotocorriente 

resultante. Por otro lado, la estabilidad del material aumenta (alcanzando un 80 

%). 

▪ La adición de una pequeña cantidad de aluminio por drop casting mediante una 

disolución acuosa conteniendo el precursor mejora la fotocorriente resultante en 

comparación con la obtenida mediante adición de agua, alcanzando valores 

similares en estabilidad. Este hecho pone en manifiesto el rol del aluminio 

promoviendo la transferencia de electrones. 

▪ Se ha demostrado el concepto de una célula tándem fotoelectroquímica basada 

en un fotoánodo de hematita modificado con fósforo y un fotocátodo de óxido de 

cobre (II) modificado con hierro utilizando un electrolito de membrana polimérica 

alcalina (Fumasep FAA-3-20). Además, se ha demostrado que esta célula tándem 

puede trabajar sin la necesidad de aplicar un voltaje externo. 

▪ La utilización de un electrolito de membrana polimérica en vez de electrolitos 

acuosos típicamente ácidos o básicos disminuye la fotocorrosión de los 

electrodos, aumentando la estabilidad y, por tanto, vida útil del dispositivo. Esto es 

particularmente importante en el caso del óxido de cobre (II) modificado con hierro, 

en el que el empleo de una dispersión de ionómero en la su interfase con la 

membrana aumenta considerablemente la estabilidad. 

▪ Todavía queda gran camino por recorrer para la obtención de dispositivos 

eficientes en la fotodisociación de agua. Para ello, los esfuerzos deben centrarse 

por un lado, en aumentar la fotoactividad de los materiales estudiados, y, por otro, 

en mejorar las interfases electrodo-membrana y la propia membrana. 
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En términos generales, el presente trabajo de investigación aporta nuevas metodologías 

de modificación de fotoelectrodos basados en hematita y óxido de cobre (II), así como 

avances en el desarrollo de dispositivos prácticos para la fotoelectrolisis del agua basados 

en estos materiales.  
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The present PhD has reported new methodologies: (i) to improve the charge transfer, limit 

the recombination and increase the efficiency of oxygen evolution in hematite 

photoanodes; (ii) to overcome the instability against photocorrosion and improve the 

efficiency of solar hydrogen generation in cupric oxide photocathodes and, (iii) to develop 

a photoelectrochemical tandem cell based on hematite and cupric oxide photoelectrodes. 

The conclusions drawn from the obtained results allow us to propose future studies aimed 

to enlarge the applicability of photoelectrochemical tandem devices. Future studies should 

include a further improvement in the efficiency for oxygen and hydrogen generation by 

improving the photocurrents obtained through the addition of co-catalysts such as MoS2 

or Ni-Fe double layered hydroxides (DLH) to the developed electrodes.  

Additionally, with respect to photoelectrochemical tandem cell, the efforts should focus on 

aspects such as improving the interface photoelectrode-membrane, membrane employed 

and, which is more important, the design of a device able to work continuously separating 

and collecting the products generated.
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