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Abstract 

 

The continuous increase in global energy demand, together with the 

environmental impact associated with fossil fuel consumption, has 

intensified the search for sustainable and carbon-neutral energy 

technologies. In this context, solar-driven hydrogen production has 

emerged as a promising strategy for storing renewable energy in the form 

of chemical fuel. Among the different approaches, photoelectrochemical 

(PEC) water splitting offers a direct pathway for converting solar energy 

into hydrogen using semiconductor materials. However, its practical 

implementation remains limited. 

This thesis investigates the mechanisms governing charge carrier 

behaviour in semiconductor materials for PEC water splitting, with a 

particular focus on metal oxides. The central objective is to identify the 

key factors limiting performance, and to establish strategies to mitigate 

these limitations through tailored material and interface design. 

A comprehensive experimental approach is employed, combining 

structural, morphological, and optical characterisation with advanced 

(photo)electrochemical techniques. In particular, electrochemical 

impedance spectroscopy (EIS) and intensity-modulated photocurrent 

spectroscopy (IMPS) are used to probe charge carrier dynamics under 

operating conditions. These small-signal techniques enable analysis of 

interfacial kinetics, allowing the deconvolution of competing processes 

within a unified kinetic framework. 

Different material systems are investigated to address specific limiting 

factors. Photoelectrochemical properties of PCN-222, a metal-organic 

framework (MOF) composed of Zr6 oxo-cluster and porphyrinic linkers, 

are tuned through metal modification (Ti and W) and with the 

incorporation of charge-selective interfaces (TiO2 and NiOx). These 
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strategies enable control over band alignment, leading to tuning of 

photocurrent directionality and improved charge separation, thereby 

highlighting the role of interfacial engineering in hybrid systems. 

The influence of morphology is subsequently examined through a 

comparative study of WO3 nanoparticles and nanoparticulate, porous 

nanofibres. The results indicate that, although light absorption remains 

largely unchanged, variations in particle size and surface area strongly 

influence charge carrier dynamics. While nanofibres exhibit improved 

performance in photocatalytic dye degradation, their performance 

decreases when they are integrated as photoelectrodes under applied 

potential. This behaviour is attributed to limitations in electron transport 

and enhanced recombination, highlighting the trade-offs associated with 

morphological control. 

Finally, metal vanadate semiconductors and their alloys are analysed 

using frequency-resolved techniques to resolve charge carrier dynamics. 

In this study, the combined use of IMPS and EIS enables discrimination 

of the effects of copper substitution by alkaline earth cations (Ca and 

Mg). This substitution induces the formation of oxygen vacancies and 

alters interfacial charge transfer by introducing surface states that 

improve hole transfer dynamics. As a result, the interplay between charge 

transfer and recombination is modified, providing direct insight into the 

mechanisms governing the performance of these materials.  

Overall, these results demonstrate that photoelectrochemical 

performance is governed not only by the intrinsic properties of the 

semiconductor, but also by the interplay between morphology, defects, 

and interfacial processes. The insights obtained provide useful guidelines 

for the development of more efficient photoelectrodes for solar fuel 

production. 
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Resumen 

 

El continuo incremento de la demanda energética global, junto con el 

impacto ambiental asociado al consumo de combustibles fósiles, ha 

intensificado la búsqueda de tecnologías energéticas sostenibles y 

neutras en carbono. En este contexto, la producción de hidrógeno 

impulsada por energía solar ha emergido como una estrategia 

prometedora para el almacenamiento de energía renovable en forma de 

combustibles químicos. Entre los diferentes enfoques, la división 

fotoelectroquímica (PEC) del agua ofrece una vía directa para convertir 

la energía solar en hidrógeno utilizando materiales semiconductores. Sin 

embargo, su implementación práctica sigue estando limitada por 

ineficiencias fundamentales relacionadas con la dinámica de los 

portadores de carga. 

Esta tesis investiga los mecanismos que gobiernan el comportamiento de 

los portadores de carga en materiales semiconductores para la división 

PEC del agua, con un enfoque particular en óxidos metálicos. El objetivo 

central es identificar los factores clave que limitan el rendimiento y 

establecer estrategias para mitigar estas limitaciones mediante el diseño 

optimizado de materiales e interfaces.  

Para ello, se emplea un enfoque experimental integral que combina 

técnicas de caracterización estructural, morfológica y óptica con técnicas 

avanzadas de caracterización (foto)electroquímica. En particular, la 

espectroscopía de impedancia electroquímica (EIS) y la espectroscopía 

de fotocorriente modulada en intensidad (IMPS) se utilizan para estudiar 

la dinámica de los portadores de carga bajo condiciones de operación. 

Estas técnicas de pequeña perturbación permiten un análisis cualitativo 

de la cinética interfacial, facilitando la deconvolución de procesos 

competitivos dentro de un marco cinético unificado. 
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En esta tesis se investigan diferentes sistemas materiales para abordar 

factores limitantes específicos. Las propiedades fotoelectroquímicas de 

PCN-222, una red metal-orgánica (MOF) compuesta por oxo-clústeres 

de Zr6 y ligandos porfirínicos, se ajustan mediante la modificación 

metálica (Ti y W) y la incorporación de interfaces selectivas de carga 

(TiO2 y NiOx). Estas estrategias permiten controlar la alineación de 

bandas, lo que conduce a la modulación de la direccionalidad de la 

fotocorriente y a una mejora en la separación de cargas, destacando el 

papel de la ingeniería interfacial en sistemas híbridos. 

La influencia de la morfología se examina posteriormente mediante un 

estudio comparativo de nanopartículas y nanofibras de WO3. Los 

resultados indican que, aunque la absorción de luz permanece 

prácticamente inalterada, las variaciones en el tamaño de partícula y el 

área superficial influyen de manera significativa en la dinámica de los 

portadores de carga. Mientras que las nanofibras muestran un mayor 

rendimiento en la degradación fotocatalítica de colorantes, su desempeño 

disminuye cuando se integran como fotoelectrodos bajo polarización 

aplicada. Este comportamiento se atribuye a limitaciones en el transporte 

electrónico y a un aumento de la recombinación, poniendo de manifiesto 

los compromisos asociados al control morfológico. 

Finalmente, los semiconductores de vanadatos metálicos y sus 

aleaciones se analizan mediante técnicas resueltas en frecuencia para 

estudiar cualitativamente la dinámica de los portadores de carga. En este 

estudio, el uso combinado de IMPS y EIS permite discernir los efectos 

de la sustitución del cobre por cationes alcalinotérreos (Ca y Mg). Esta 

sustitución induce la formación de vacantes de oxígeno y modifica la 

transferencia de carga interfacial mediante la introducción de estados 

superficiales que mejoran la dinámica de transferencia de huecos. Como 

resultado, la interacción entre la transferencia de carga y la 

recombinación se ve modificada, proporcionando una visión directa de 

los mecanismos que gobiernan el rendimiento de estos materiales. 

En conjunto, estos resultados demuestran que el rendimiento 

fotoelectroquímico está gobernado no solo por las propiedades 

intrínsecas del semiconductor, sino también por la interacción entre 

morfología, defectos y procesos interfaciales. Los conocimientos 
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obtenidos proporcionan directrices útiles para el desarrollo de 

fotoelectrodos más eficientes para la producción de combustibles 

solares. 
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Motivation and objectives 

 

The development of efficient semiconductor photoelectrodes for solar 

water splitting requires a detailed understanding of the processes that 

determine their behaviour under illumination and electrochemical 

operation. The measured photoelectrochemical response results from 

several coupled phenomena, including light absorption, charge 

generation, carrier transport, recombination, and interfacial charge 

transfer. Therefore, improving photoelectrode performance requires not 

only evaluating the photocurrent produced by a given material, but also 

identifying the physical and kinetic processes that control it. 

In this context, the general objective of this doctoral thesis is to study 

how material properties and electrode design influence the 

photoelectrochemical performance of semiconductor photoelectrodes for 

solar water splitting, with the aim of advancing the understanding of the 

charge carrier processes that determine their behaviour under operating 

conditions. 

More specifically, this thesis pursues the following objectives: 

i) To fabricate and evaluate semiconductor photoelectrodes for 

photoelectrochemical water-splitting applications. 

ii) To study how structural, morphological, compositional, and 

interfacial modifications affect the photoelectrochemical performance of 

semiconductor photoelectrodes for solar water splitting. 

iii) To combine steady-state photoelectrochemical measurements with 

small-perturbation techniques to investigate the charge carrier processes 

governing photocurrent generation and the overall response of 

semiconductor photoelectrodes. 
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iv) To gain deeper insight into the role of charge separation, transport, 

recombination, and interfacial charge transfer in determining the 

efficiency of semiconductor photoelectrodes. 

v) To identify common performance-limiting factors across the studied 

systems and extract general principles that may contribute to the design 

of improved photoelectrodes for solar water splitting. 

These objectives are addressed throughout the thesis by combining the 

fabrication and characterisation of selected semiconductor 

photoelectrodes with steady-state and small-perturbation 

photoelectrochemical measurements. After introducing the theoretical 

background and experimental methodology, the results chapters examine 

different material and electrode design strategies as model cases to 

evaluate their influence on photocurrent generation and charge carrier 

dynamics. Finally, the general conclusions bring together the main 

findings and discuss the common factors limiting the performance of the 

studied systems. 
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Mg0.1Cu0.9V2O6 Magnesium copper vanadate 

NiOx Nickel oxide 

O2 Molecular oxygen 

OH− Hydroxyl ion 

PW12O4
3− Phosphotungstate anion 

TaON Tantalum oxynitride 



xxvi 
 

TBAPF6 Tetrabutylammonium hexafluorophosphate 

TiCp2Cl2 Bis(cyclopentadienyl)titanium(IV) dichloride 

TiO2 Titanium dioxide 

WO3 Tungsten trioxide 

ZnFe2O4 Zinc ferrite 

[Zr6(μ3-O)4(μ3-

OH)4] 

Hexanuclear zirconium(IV) oxo-hydroxo cluster 

Zr6O4(OH)4 Hexanuclear zirconium oxo-hydroxo cluster 

(simplified form) 

α-Fe2O3 Hematite 

 

 

 

 

 

 

 

 

 

 



xxvii 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxviii 
 

 

List of physical constants 
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Chapter 1  

 

Introduction 

 

Summary 

This chapter presents the current energy challenge and discusses the 

potential role of photoelectrochemical (PEC) water splitting in 

addressing it. In this context, the main factors that limit the efficiency 

and stability of PEC systems are examined. Building on this, the 

strategies that have been developed to overcome these limitations are 

introduced, providing the basis for the work presented in the following 

chapters. 
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1.1 From energy demand to solar hydrogen 

production 

Over the last decades, the continuous increase in global power demand 

has been driven by the population growth together with the improvement 

of living standards, resulting in the need for energy generation 

infrastructure with a power capacity exceeding 20 TW, with projections 

approaching 30 TW by 2050. Despite this trend, the global energy system 

still relies predominantly on fossil fuels, which account for the majority 

of the total energy supply, as shown in Figure 1.1. 1–3 

 

Figure 1.1. Global primary energy consumption by source.2 Data 

reproduced under Creative Commons BY license (CC BY 4.0) 

(https://creativecommons.org/licenses/by/4.0/). 

 

Their intensive use has led to severe environmental consequences, 

primarily associated with greenhouse gas emissions and climate change. 

The atmospheric concentration of CO2 has increased from pre-industrial 

levels around 280 ppm to values above of 420 ppm, principally as a result 

of fossil fuel combustion, contributing to the greenhouse effect and the 

https://creativecommons.org/licenses/by/4.0/
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notable increase in global temperatures. If this trend continues, CO2 

levels will surpass the 550 ppm this century, with the consequent higher 

risk of severe climate-related effects.4–7. In addition, the extraction of 

fossil resources is becoming progressively more difficult and less cost-

effective, further motivating the transition towards sustainable energy 

technologies.1,8  

Under these circumstances, the development of an alternative energy 

technology capable of satisfying future demand while minimising the 

environmental impact becomes crucial. Among the different green 

energy sources available, solar driven processes are considered the most 

promising, since the solar energy reaching the Earth’s surface is on the 

order of 105 TW, that far exceeds the global power consumption.9–11 

The most common approach is the direct solar energy conversion into 

electricity using photovoltaic (PV) solar cells, which has been widely 

developed in recent years, reaching high efficiencies.12,13 However, due 

to the intermittent nature of the sun (day and night), solar energy 

conversion into chemical energy is interesting, particularly when long-

term storage is required. Hydrogen has received special attention as a 

clean energy carrier because its combustion produces only water. 

Furthermore, it exhibits a higher energy density than conventional fossil 

fuels.14,15  

Among the different approaches for hydrogen production, coupled 

photovoltaic-electrolysis system, photocatalytic and 

photoelectrochemical (PEC) water splitting have attracted particular 

attention. These methods are based on the use of semiconductor 

materials to absorb light and drive the water splitting reaction, but they 

differ in their configuration and operation.16 In the electrolysis coupled 

to photovoltaic system, solar irradiation is absorbed by the PV cell, 

generating the voltage and photocurrent required to drive water 

electrolysis in a separate electrochemical cell. The PV cell is directly 

connected to the electrochemical system but remains physically isolated 

from the aqueous electrolyte to prevent degradation. This configuration 

offers important advantages, as it avoids the need for storage of electrical 

energy generated from sunlight such as batteries. However, it also 

presents several challenges, particularly related to system integration and 
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the high cost of electrolysers containing noble metal catalysts, such as 

Pt, Ir, and Ru.17–19 In the photocatalytic method, the process takes place 

in a dispersed system, where semiconductor particles are suspended in 

an aqueous solution. Upon light absorption, electron-hole pairs are 

generated and drive the reduction and oxidation reactions directly at the 

particle surface. This approach is conceptually simple and does not 

require an external circuit, however, it often suffers from low efficiency 

due to high charge recombination and limited control over charge 

separation, as well as difficulties in the separation of the evolved 

hydrogen and oxygen gases.20–22  

On the other hand, the photoelectrochemical method is carried out in an 

electrochemical cell, where the semiconductor is integrated as a 

photoelectrode. In this configuration, photogenerated charge carriers are 

spatially separated and transported through an external circuit, which 

generally enhances efficiency, allowing a greater degree of control over 

the reaction dynamics. In addition, this configuration enables the 

separate collection of hydrogen and oxygen at different electrodes 

through the use of a membrane. As a result, higher efficiencies can be 

achieved, although the system is typically more complex.21,23,24  

 

1.2. Requirements for efficient PEC systems 

In order to select a good photoelectrode candidate for water splitting, 

several requirements should be taken into consideration, as shown in 

Figure 1.2.25,26 The spectral absorption of a semiconductor is determined 

by its bandgap (Eg). For water splitting, the band gap of a semiconductor 

must exceed the theoretical energy requirement (1.23 eV), plus 

thermodynamic losses (0.3–0.4 eV) and extra overpotentials to ensure 

fast reaction kinetics (0.4–0.6 eV). As a consequence, the bandgap 

should be higher than approximately 1.9 eV, which corresponds to an 

absorption edge of around 650 nm. On the other hand, it should not 

exceed about 3.1 eV (400 nm), as this marks the upper limit of the visible 

region of the solar spectrum.27–29 Figure 1.3 schematically compares the 

bandgap energies and band edge positions of different semiconductor 

materials relative to the redox potentials of water. The chemical stability 
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of photoactive semiconductors under operational conditions, such as 

under illumination, applied potential and immersed in an electrolyte, is a 

crucial factor. Generally, the photocorrosion stability of a semiconductor 

increases with its bandgap, leading to a trade-off between strong light 

absorption and long-term chemical stability.30,31 

 

Figure 1.2. Schematic representation of the main requirements for an n-

type semiconductor for photoelectrochemical water splitting: (1) 

photogeneration of electron-hole pair, (2) alignment of the band edges 

with the redox potentials of water, (3) charge transport, and (4) charge 

transfer. 

 

Another important requirement is the proper alignment of the band edges 

with the redox potentials of water. Specifically, the conduction band 

(CB) must be located at a higher energy than the reduction potential, 

while the valence band (VB) should lie at lower energy than the 

oxidation potential. In addition, charge transport properties can vary 

significantly depending on the semiconductor. In TiO2, electron mobility 

is relatively fast and does not represent a major limitation.32–35 In 
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contrast, in hematite (α-Fe2O3), the much lower electron diffusion 

coefficient makes charge transport one of the main factors limiting 

performance.36–40 A further requirement is that the interfacial transfer of 

electrons and holes, corresponding to the oxidation and reduction 

reactions, must be sufficiently fast to overcome electron-hole 

recombination.41,42 

 

Figure 1.3. Schematic comparison of the bandgap energies and band 

edge positions of different semiconductor materials relative to the redox 

potential of water.26 

 

In fact, a material that fulfils all of these requirements has not been yet 

identified. In practice, improving one property often comes at the 

expense of another, leading to unavoidable trade-offs. As a result, 

research is focused on developing materials that combine these 

properties as effectively as possible, while also being low-cost and 

composed of earth-abundant elements.43,44 

 

1.3. Strategies for improving PEC systems 

Different strategies to improve performance of PEC system are 

schematised in Figure 1.4. One of the most effective methods to enhance 

the performance of PEC systems is the control of the semiconductor 

morphology, especially via nanostructuring (Figure 1.4a). This approach 

is particularly crucial for materials with short charge carrier diffusion 
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lengths, where a substantial fraction of photogenerated carriers 

recombines before reaching the surface. By reducing the characteristic 

dimensions of the material to the nanoscale, the distance that charge 

carriers must travel is shortened, facilitating their collection at the back 

contact or the transfer to the electrolyte. Furthermore, nanostructuring 

significantly enhances the surface-to-volume ratio, thereby increasing 

the surface area and the number of active sites available for reactions.45–

47 For example, nanostructures like nanorods or nanowires have been 

widely utilized in materials with poor charge transport properties, such 

as hematite, resulting in significant enhancements in photocurrent.48,49 

However, this approach can also present certain disadvantages. The 

increased surface area may promote surface recombination by 

introducing surface states, while the greater exposure to the environment 

can compromise the chemical stability of the material under operating 

conditions.50,51 Additionally, the need for well-defined nanostructures 

may induce reproducibility challenges.26 

Another widely used technique to boost PEC efficiency is impurity 

doping (Figure 1.4b), which involves the incorporation of foreign atoms 

into the semiconductor lattice, tailoring its electronic properties. By 

introducing dopants with different valence states, the density of charge 

carriers can be increased, leading to enhanced electrical conductivity and 

more efficient charge transport. Moreover, doping can modify the optical 

properties by introducing new electronic states within the bandgap, 

which may extend light absorption into the visible region. However, 

excessive doping may lead to the introduction of recombination centres, 

thereby limiting the performance.26,52–54 Similarly, defect engineering 

(Figure 1.4c) through the generation of vacancies is widely used to tune 

the properties of semiconductors. Vacancies are missing atoms in the 

crystal network, which can locally modify the electronic structure and 

influence charge distribution within the material. Such vacancies can act 

as adsorption centres for hydroxyl groups and also as shallow electron 

donors, which have been shown to enhance photoelectrochemical. 

However, their impact strongly depends on their concentration and 

distribution, as an excessive density of defects may promote charge 

recombination and ultimately reduce the efficiency of the system.26,55–57 
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Figure 1.4. Schematic representation of different strategies to improve 

PEC performance: (a) nanostructuring, (b) doping, (c) vacancy 

engineering, (d) co-catalysis, and (e) heterojunction formation.  

 

Co-catalysts (Figure 1.4d) are often incorporated onto the surface of 

semiconductor photoelectrodes to improve the interfacial charge transfer 

efficiency, as they provide catalytically active sites, facilitating surface 
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charge transfer, prevent charge accumulation at the interface and 

therefore minimizing surface recombination. In addition, co-catalysts 

can promote specific reaction pathways by stabilizing reaction 

intermediates. However, their effectiveness strongly depends on factors 

such as their composition, dispersion, and surface coverage, as an excess 

of co-catalyst can hinder light absorption or introduce additional 

recombination pathways.58–62 Finally, the use of heterojunctions (Figure 

1.4e) and selective layers, such as passivation, blocking, or transport 

layers represent an additional approach to improve interfacial properties 

and will be discussed in more detail in Chapter 2. 

Despite the significant progress achieved through the strategies 

described above, the development of materials that simultaneously meet 

all the requirements for efficient PEC water splitting remains a major 

challenge. In this context, the exploration of new materials and surface 

modification approaches are essential to further improve device 

performance. This thesis is therefore focused on investigating the factors 

that limit the efficiency of PEC systems, with particular attention to 

charge transport and interfacial processes, as well as on the development 

of strategies to overcome these limitations. 
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Chapter 2 

 

Theoretical background 

 

Summary 

This chapter introduces the fundamental concepts governing 

photoelectrochemical systems, including light absorption, charge 

generation and separation, and interfacial charge transfer processes. 

Particular attention is given to the role of semiconductor/electrolyte 

interfaces, surface states, and distribution of the electrochemical 

potential under operating conditions. A kinetic framework describing the 

competition between charge transfer and recombination is presented, 

together with the influence of heterojunctions and charge-selective layers 

on carrier dynamics. These concepts provide the basis for the 

interpretation of the experimental result discussed in the following 

chapters. 
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2.1. Photoelectrochemical water splitting 

principle 

In the photoelectrochemical water splitting process, illumination of a 

semiconductor generates electron-hole pairs that are separated and 

directed towards different interfaces, where they drive the hydrogen 

(HER) and oxygen (OER) evolution reactions. 

In alkaline electrolyte, the overall water splitting can be divided into two 

half-reactions 

4H2O(l) + 4e− ↔ 2H2 (g) + 4OH(aq)
−     Ered 

° = − 0.828 V vs NHE (2.1) 

4OH(aq)
−  + 4h

+
 ↔ 2H2O(l) + O2 (g)      Eox 

° = + 0.401 V vs NHE (2.2) 

and in acidic electrolyte 

4H(aq)
+  + 4e− ↔ 2H2 (g)                        Ered 

° = + 0.000 V vs NHE (2.3) 

2H2O(l) +  4h
+

 ↔ 4H(aq)
+  + O2 (g)        Eox 

° = + 1.229 V vs NHE (2.4) 

From a thermodynamic perspective, water splitting is a non-spontaneous 

process requiring a minimum potential difference of 1.23 V under 

standard conditions, which corresponds to a positive Gibbs free energy 

change of 237 kJ mol−1. In practice, additional energy is needed to 

overcome kinetic barriers and recombination losses, resulting in higher 

operational potentials. 7,63–66 

As illustrated in Figure 2.1, the PEC configuration determines where 

photogenerated electrons and holes are consumed in the HER and OER. 

In photoanode-based cells (Figure 2.1a), photogenerated holes drive 

water oxidation at the semiconductor/electrolyte interface, while 

electrons are collected at the back contact and transported through the 

external circuit, driven by the potential difference across the cell 

(typically assisted by an external potential), to a metallic counter 

electrode, where hydrogen evolution occurs. In a photocathode-based 

cell (Figure 2.1b), photogenerated electrons reduce protons at the 

semiconductor/electrolyte interface, while the corresponding holes are 

neutralised with electrons supplied through the external circuit. The 
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complementary oxidation reaction takes place at the metallic counter 

electrode, driven by the potential difference across the cell.  

 

Figure 2.1. Photoelectrochemical water splitting configurations in acidic 

environment of a (a) photoanode/metallic cathode, (b) 

photocathode/metallic anode, and (c) tandem system 

(photoanode/photocathode). 

 



14 
 

On the other hand, in a tandem configuration (Figure 2.1c), a 

photoanode and a photocathode are combined so that electron-hole pair 

generation occurs in both electrodes, providing sufficient photovoltage 

to drive the overall reaction without the need for an external potential. In 

this case, electrons generated at the photoanode are transported to the 

photocathode, where they recombine with photogenerated holes, while 

holes at the photoanode drive water oxidation and electrons at the 

photocathode drive proton reduction. 

 

2.2. Photoactive semiconductor materials 

Solid materials can be broadly classified as conductors, semiconductors, 

or insulators, according to their electronic structure, as illustrated in 

Figure 2.2.  

 

Figure 2.2. Schematic representation of the electronic structure of (a) 

conductors, (b) insulators, and (c) semiconductors. 

 

The interaction between atomic orbitals gives rise to energy bands, 

namely the valence band which is typically occupied by valence 

electrons, and the conduction band, which is largely unoccupied. The 
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energy difference between these two bands is defined as the bandgap. In 

conductors (Figure 2.2a), the valence and conduction bands overlap or 

are partially filled, allowing electrons to move freely. In contrast, 

insulators (Figure 2.2b) exhibit a large bandgap that prevents the 

excitation of charge carriers under normal conditions. Semiconductors 

(Figure 2.2c) lie between these two extremes, possessing a moderate 

bandgap that enables the generation of mobile charge carriers upon 

optical excitation, making them particularly suitable for energy 

conversion applications.64,67,68 

Optical absorption arises from the interaction between photons and the 

electronic transition from the valence band to the conduction band, as 

illustrated in Figure 2.3. These transitions occur when the photon energy 

is equal to or greater than the bandgap energy, which defines the 

absorption edge of the semiconductor.  

 

Figure 2.3. Schematic representation of (a) direct and (b) indirect 

bandgap semiconductors. k represents the crystal momentum. 

 

The nature of the bandgap plays a crucial role in the absorption process. 

In direct bandgap semiconductors (Figure 2.3a), the maximum of the 

valence band and the minimum of the conduction band are located at the 
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same momentum, allowing electronic transition to occur without a 

change in the crystal momentum. This leads to large absorption 

coefficients, enabling efficient light absorption within relatively short 

penetration depths. In contrast, indirect bandgap semiconductors (Figure 

2.3b) exhibit a mismatch in momentum between the valence band 

maximum and the conduction band minimum. In this case, optical 

transition requires simultaneous involvement of a phonon (i.e., vibration 

of the crystalline network, hω) to conserve momentum. As a result, these 

transitions are less probable, leading to lower absorption coefficients and 

requiring thicker materials to achieve significant light absorption.64,69,70 

  

2.3. Charge carrier properties 

The electrical behaviour of semiconductor materials is determined by 

how electronic states are distributed and occupied within the valence and 

conduction bands. These bands arise from the interaction of a large 

number of atomic orbitals, which transform discrete energy level into a 

quasi-continuous distribution of allowed energy states, commonly 

described by the density of states (DOS). The occupancy of these states 

defines the population of charge carriers present in the material and is 

described in terms of the Fermi level (EF), which represents the energy 

at which the probability of finding an electron is 50% under equilibrium 

conditions. The distribution of electronic states and the position of the 

Fermi level in intrinsic and extrinsic doped semiconductors, are 

schematically illustrated in Figure 2.4. 

In intrinsic semiconductors (Figure 2.4a), the valence band is essentially 

filled, while the conduction band remains largely unoccupied. Upon 

illumination, electrons can be excited across the bandgap from the 

valence band to the conduction band, generating electrons and holes as 

mobile charge carriers. This process results in equal concentrations of 

electrons and holes. The population of charge carriers can be modified 

through the introduction of dopants or the presence of intrinsic defects. 

This process alters the concentration and type of charge carriers within 

the material. Donor species such as oxygen vacancies introduce 

additional electrons, leading to n-type behaviour (Figure 2.4b), where 
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electrons are the majority carriers. Conversely, acceptor species such as 

metal vacancies generate holes, resulting in p-type behaviour (Figure 

2.4c), where holes are the majority carriers. These modifications in 

carrier population are accompanied by shift in the Fermi level within the 

bandgap, which moves closer to the conduction band in n-type materials 

and towards the valence band in p-type materials, reflecting the 

corresponding change in the equilibrium distribution of occupied 

states.64,71  

 

Figure 2.4. Schematic representation of (a) intrinsic, (b) n-type, and (c) 

p-type semiconductors.  

 

The resulting changes in carrier population has a direct impact on the 

electrical conductivity of the material, which depends not only on the 

concentration of charge carriers but also on their mobility within the 

semiconductor. In this context, the energetic position of donor and 

acceptor states within the bandgap is particularly relevant. Shallow 

states, located close to the band edges, can be readily ionized and 

therefore contribute effectively to the free carrier population, enhancing 

conductivity. In contrast, deep states lie further within the bandgap and 

are less easily ionized, so they do not significantly increase the number 

of free carriers and often act as trapping or recombination centres.64,71,72 

Under equilibrium conditions (i.e., no illumination and not current flow), 

and assuming non-degenerate behaviour, the concentrations of electrons 
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in the conduction band and holes in the valence band can be expressed 

as: 

n = NCB exp ( −
ECB −  EF

𝑘BT
) (2.5) 

p = NVB exp ( −
EF − EVB

𝑘BT
) (2.6) 

Where n and p denote the concentrations of electrons and holes, 

respectively, ECB and EVB correspond to the conduction and valence band 

edge energies, respectively, kB is the Boltzmann constant, and T is the 

absolute temperature. The parameters NCB and NVB represent the effective 

densities of states in the conduction and valence bands, respectively, 

describing the number of available electronic states near the band edges. 

In intrinsic semiconductors, the concentrations of electrons and hole are 

equal, and can be expressed as: 

np  = ni
2 = NCB N𝑉𝐵 exp ( −

ECB − EVB

𝑘BT
) (2.7) 

These expressions reveal the exponential dependence of carrier 

concentrations on the position of the Fermi level. Consequently, the shift 

in EF induced by doping or intrinsic defects leads to a significant 

variation in the population of charge carriers. It should be noted that these 

relations are valid for non-degenerate semiconductor where the Fermi 

level lies within the bandgap and sufficiently far from the band 

edges.7,64,73,74 

 

2.4. Semiconductor/electrolyte interface 

When a semiconductor is brought into contact with an electrolyte, charge 

redistribution occurs at the interface until thermodynamic equilibrium is 

established, as illustrated in Figure 2.5. Prior to contact (Figure 2.5a), 

the Fermi level of the semiconductor and the electrochemical potential 

of the redox couple in the electrolyte (EF 
 redox) are generally different. 

Upon contact (Figure 2.5b), this difference in energy levels leads to a 

redistribution of charge carriers at the interface, involving charge transfer 
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between the semiconductor and the electrolyte until the Fermi level is 

aligned across the system.  

 

Figure 2.5. Schematic energy diagram of the semiconductor/electrolyte 

interface for n-type and p-type semiconductors (a) before and (b) after 

contact (i.e., at equilibrium). Eox and Ered denote the oxidation and 

reduction energies of the redox couple in the electrolyte. 

 

The redistribution of charge gives rise to a potential difference at the 

interface, which is distributed between the semiconductor and the 

electrolyte, as schematically illustrated in Figure 2.6. On the electrolyte 

side, this potential drop (VH) occurs across the electrical double layer, 

commonly referred to as the Helmholtz layer. This interfacial region 

includes the inner Helmholtz plane (IHP), formed by specifically 

adsorbed ions such as H+ and OH− directly interacting with the 

semiconductor surface, and the outer Helmholtz plane (OHP), 

corresponding to the closest approach of solvated ions near the surface. 

The potential drop across this compact interfacial region gives rise to the 

Helmholtz capacitance (CH), which is generally defined by the distance 
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between the electrode surface and the solvated ions located at the OHP. 

On the semiconductor side, the equilibration process leads to a spatial 

variation of the potential near the interface, which is reflected in the 

bending of the conduction and valence bands and gives rise to a 

capacitance (Csc) associated with charge redistribution in the 

semiconductor. 7,64,65,75–78 

 

Figure 2.6. Schematic representation of the potential distribution at the 

semiconductor/electrolyte and the Helmholtz layer. The distance x is 

around 2−5 Å. 

 

The nature of the semiconductor determines the type of charge transfer 

that occurs in order to reach the equilibrium. In n-type semiconductor, 

donor states introduce electronic states close to the conduction band, 

increasing the electron concentration and shifting the Fermi level 

towards the conduction band. Upon contact with an electrolyte, electrons 

may be transferred from the semiconductor to the electrolyte until a 
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common Fermi level is established across the interface. Consequently, 

the near-surface region becomes depleted of electrons, leading to a net 

positive charge. This charge is compensated by the accumulation of 

oppositely charged ions in the electrolyte, within the Helmholtz layer, 

giving rise to upward (i.e., towards higher energies) band bending (∆ϕbb). 

In p-type semiconductors, acceptor states introduce electronic levels 

close to the valence band, increasing the hole concentration and shifting 

the Fermi level towards the valence band. Upon contact with an 

electrolyte, holes may be transferred from the semiconductor to the 

electrolyte until equilibrium is reached. This charge is similarly 

compensated by the accumulation of oppositely charged ions in the 

electrolyte, leading to downward (i.e., towards lower energies) band 

bending. As a result, a common Fermi level is established across the 

semiconductor/electrolyte interface, indicating that thermodynamic 

equilibrium has been reached.79,80 

In conventional bulk semiconductors, the variation of the potential on 

the semiconductor side is often described in terms of space charge region 

(SCR), where mobile charge carriers are depleted and the potential varies 

over a characteristic length scale. This description is commonly used to 

account for the band bending at the interface. However, in 

nanostructured materials, this classical description is not always strictly 

applicable. The characteristic dimensions of the semiconductor 

nanoparticles can be comparable to or smaller than the depletion width, 

which limits the formation of a well-defined space charge region. As a 

result, the interfacial behaviour is more strongly influenced by surface 

and interface processes rather than by bulk charge separation.81–84 

 

2.5. Photoelectrochemical systems under 

operating conditions 

2.5.1. Illumination 

Under operating conditions, such as under illumination and applied 

potential in a photoelectrochemical cell, the semiconductor/electrolyte 

interface is driven out of thermodynamic equilibrium, as illustrated in 
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Figure 2.7 for n-type semiconductors with photoanode behaviour. In the 

dark (Figure 2.7a), the system remains at equilibrium, and a single Fermi 

level describes the distribution of charge carriers across the 

semiconductor and the metallic counter electrode, aligned with the 

electrochemical potential of the electrolyte.  

 

Figure 2.7. Schematic band diagram for n-type photoanodes in the (a) 

dark and under (b) illumination and applied potential. 

 

Upon illumination (Figure 2.7b), photons with energy exceeding the 

bandgap generate electron-hole pairs in the semiconductor. As a result, 

the distribution of charge carriers can no longer be described by a single 

Fermi level. Instead, separate quasi-Fermi levels (EF,Q) are introduced for 

electrons and holes, denoted as EF
 n and EF

 p
, respectively. These quasi-

Fermi levels describe the non-equilibrium carrier populations and are 

directly related to the local concentrations of electrons and holes in the 

semiconductor. In non-degenerate semiconductors, the Eqs. 2.5 and 2.6 

can be rewritten as: 

n = n0 + ∆n = NCB exp ( −
ECB −  EF

 n

𝑘BT
) (2.8) 

p = p
0

 + ∆p = NVB exp ( −
EF

 p
− EVB

𝑘BT
) (2.9) 



23 
 

Where n0 and p0 are the equilibrium electrons and holes concentration in 

dark, respectively, and ∆n and ∆p are the additional electrons and holes 

created by illumination, respectively. 

In n-type semiconductors, the electron quasi-Fermi level typically 

remains nearly constant, since the total electron density does not change 

significantly under illumination, whereas the hole quasi-Fermi level 

exhibits a pronounced variation near the interface due to the presence of 

photogenerated minority carriers. This spatial variation of the quasi-

Fermi levels reflects the establishment of a carrier gradient within the 

semiconductor, which drives the separation of photogenerated charges. 

As a result, photogenerated holes are driven towards the semiconductor 

surface, where they can participate in oxidation reactions, while 

electrons are transported through the semiconductor and collected via the 

external circuit towards the metallic counter electrode, where they can 

participate in reduction reactions. Under illumination, this charge 

separation and transport give rise to a photocurrent flowing through the 

external circuit. The sign of the photocurrent depends on the type of 

photoelectrode: it is positive for a photoanode, corresponding to electron 

flow towards the counter electrode, and negative for a photocathode, 

where electrons are supplied from the counter electrode.7,42,64,65,85,86 

 

2.5.2. Applied potential 

In addition to illumination, the application of an external potential further 

modifies the energy distribution within the system. The applied potential 

shifts the Fermi level of the semiconductor relative to the redox potential 

of the electrolyte, thereby altering the band bending at the interface. The 

extent of this effect depends on how the potential drop is distributed 

across the interface, which can be described in terms of the interfacial 

capacitances: 

1

CT

 = 
1

 CH

+
1

Csc
(2.10) 

Where CT, CH and Csc correspond to the total, Helmholtz and 

semiconductor capacitances, respectively. When the semiconductor 

capacitance is smaller than the Helmholtz capacitance (Csc << CH), the 
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potential drops mainly across the semiconductor, leading to significant 

changes in band bending. In this case, the band edges at the surface 

remain effectively fixed with respect to the electrolyte, while the Fermi 

level shifts relative to them (band edge pinning). Under these conditions, 

in n-type semiconductors, a positive potential typically enhances band 

bending, promoting charge separation by driving holes towards the 

interface and electrons towards the bulk. This also reduces the 

concentration of electrons at the semiconductor surface, thereby limiting 

surface recombination and facilitating interfacial charge transfer. 

Conversely, a negative potential reduces band bending, increasing the 

electron concentration at the surface and promoting recombination of 

photogenerated carriers at the semiconductor/electrolyte interface. 

Analogous behaviour is observed in p-type semiconductors. 

In contrast, when the Helmholtz capacitance is smaller (CH << Csc), the 

potential drops predominantly across the Helmholtz layer, and the band 

bending remains largely unchanged. In this regime, the applied potential 

does not significantly affect charge separation within the semiconductor. 

Instead, it shifts the electrochemical potential of the electrolyte relative 

to the semiconductor, resulting in a displacement of the band edges with 

respect to the redox levels (band edge unpinning). This modifies the 

overpotential for interfacial reactions, and consequently, the rate of 

charge transfer across the interface, which can either facilitate or hinder 

the transfer of photogenerated carriers.7,65,72,75,87,88 

A similar shift of the energy levels can be induced by changes in the pH 

of the electrolyte. The positions of both the semiconductor band edges 

and the water redox potentials typically shift by approximately 59 mV 

per pH unit, as described by the Nernst equation. Since both the band 

edges and the water redox potentials shift by approximately the same 

value, their relative alignment remains nearly unchanged, when water is 

the only redox-active component in the system. Consequently, a 

variation in pH does not significantly modify the thermodynamic driving 

force for charge transfer for water oxidation or reduction, although it may 

still influence interfacial kinetics.64 
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2.5.3. Surface states 

At the semiconductor/electrolyte interface, deviations from ideal 

behaviour can arise from several factors, among which surface states 

(SS) play a significant role. These states arise from structural defects, 

under-coordinated atoms, or chemical species absorbed at the 

semiconductor surface, introducing electronic levels within the 

bandgap.64 

Surface states can significantly influence the interfacial behaviour by 

acting as charge trapping centres. Photogenerated electrons or holes can 

be captured by these states, which may subsequently recombine, 

introducing additional recombination dynamics that compete with 

charge transfer. In addition to recombination, surface states can also 

participate in interfacial charge transfer. Depending on their energetic 

position and occupancy, they can act as intermediate states between the 

semiconductor and the electrolyte, thereby influencing the mechanism 

and rate of charge transfer across the interface. Under illumination, their 

occupancy is determined by the quasi-Fermi levels, linking their activity 

to the local carrier populations at the interface.89–94 

Surface states can also modify the interfacial energy alignment by 

altering the distribution of charge at the interface. Depending on their 

density and energetic distribution, they may alter the response of the 

interfacial potential to the applied potential. As a result, the distribution 

of the potential may deviate from that expected based on the 

semiconductor and Helmholtz capacitances, since the potential-

dependent occupancy of surface states introduces an additional, 

pseudocapacitive contribution at the interface (Css).86,95–97 

 

2.6. Kinetic model for charge transfer and 

recombination 

The interfacial processes discussed in the previous sections can be 

described within a kinetic framework, described by Laurence M. Peter 

and co-workers, that accounts for the competition between interfacial 

charge transfer and surface recombination at the 
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semiconductor/electrolyte interface, as schematically represented in 

Figure 2.8 for n-type photoanodes.42,96,98–101 

 

Figure 2.8. Schematic representation of the kinetic model for charge 

transfer and recombination at the semiconductor/electrolyte interface for 

an n-type photoanode. Upon light absorption, electron-hole pairs are 

generated, with electrons in the conduction band and holes in the valence 

band. Holes are driven to the surface, where they are captured by surface 

states  and can either be transferred to the electrolyte or recombine with 

electrons. 

 

Under illumination, photogenerated holes in the valence band are 

directed towards the semiconductor/electrolyte interface, giving rise to a 

hole current (jh) at the surface. This current represents the flux of 

minority carriers available for interfacial processes and is determined by 

the generation and transport of carriers, which can be described thought 

the generation-collection Gärtner equation.102 Although direct hole 

transfer from the valence band to the electrolyte is, in principle, possible, 

this pathway is generally less likely when surface states are present 
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within the bandgap. In such cases, photogenerated holes are first 

captured by surface states, which act as intermediate sites for interfacial 

charge transfer. 

Within this model, the surface-trapped hole population, defined by [SS+], 

can follow two competing pathways: charge transfer from surface states 

to the electrolyte, described by the rate constant ktr, and surface 

recombination with electron from the conduction band, described by the 

rate constant krec. Thus, the rate of interfacial charge transfer (jtr) can be 

expressed as  

 j
tr 

= ktr [SS+] (2.11) 

Similarly, the surface recombination rate (jrec) is expressed as 

 j
rec 

= krec [SS+] (2.12) 

While ktr is a first-order rate constant, krec is a pseudo-first-order constant 

that depends on the surface electron concentration (nsurf) as 

 krec = krec
'

 nsurf (2.13) 

 

At this point, the surface electron concentration can be related to the bulk 

electron concentration (nbulk) through the potential drop within the 

semiconductor. Under conditions where a well-defined variation of the 

internal potential exist, this relationship can be expressed as: 

 nsurf = nbulk exp ( −
e ∆ϕ

bb

𝑘BT
) (2.14) 

Where e is the elementary charge. While nsurf can be approximated from 

the local potential using equilibrium-like relations, reflecting the quasi-

equilibrium distribution of majority carrier in n-type semiconductors, 

[SS+] is not governed by such relations. Instead, it is determined by non-

equilibrium conditions and by the balance between the flux of 

photogenerated holes reaching the surface and the competing interfacial 

transfer and recombination processes. 
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Therefore, krec can be interpreted as an effective pseudo-first-order 

recombination constant that depends not only on the intrinsic 

recombination kinetics of the surface states, but also on the surface 

electron concentration. 

The relative magnitude of ktr and krec governs the competition between 

interfacial charge transfer and recombination at the 

semiconductor/electrolyte interface. When ktr dominates, 

photogenerated holes are efficiently transferred to the electrolyte, 

contributing to the photocurrent. In contrast, when krec becomes 

comparable to or larger than ktr, surface recombination limits the fraction 

of carriers available for interfacial reactions. 

Although this model is described here for n-type photoanodes, the same 

kinetic framework can be extended to p-type photocathodes by reversing 

the role of the charge carriers, with photoelectrons acting as the minority 

carriers participating in the interfacial charge transfer processes. 

 

2.7. Heterojunctions and charge selective 

interfaces 

When two semiconductors are brought into contact, a heterojunction is 

formed at their interface as a result of differences in their electronic 

structures, leading to band realignment and charge redistribution at 

equilibrium. Based on this alignment, heterojunctions are generally 

classified into three main types. In type I (straddling gap) 

heterojunctions, the band edges of one semiconductor are entirely 

enclosed within those of the other resulting in the accumulation of both 

electrons and holes in the same material. In type II (staggered gap) 

heterojunctions, the conduction and the valence bands are offset. In type 

III (broken gap) heterojunctions, the conduction band of one 

semiconductor lies below the valence band of the other, creating a 

discontinuity in the band structure.103–106 

In this thesis, particular attention is given to type II heterojunctions, in 

which the offset between the conduction and valence bands of both 
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semiconductors promotes the spatial separation of photogenerated 

electrons and holes, as shown Figure 2.9.  

 

Figure 2.9. Schematic illustration of type II heterojunctions showing 

charge separation and selective charge transport: (a) electron transport 

layer (ETL) and (b) hole transport layer (HTL). 
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When both components of the heterojunction are photoactive, charge 

carriers are generated in each material, and their subsequent transfer 

across the interface is governed by the relative positions of their 

conduction and valence bands. In this context, charge selective interfaces 

enable preferential extraction of one type of carrier while limiting the 

transfer of the opposite one. This aspect is particularly relevant for 

intrinsically undoped materials, where no preferential direction for 

charge transfer is defined. In Figure 2.9a, the electron transport layer 

(ETL) collects photogenerated electrons from the adjacent component 

and transports them towards the external circuit, while photogenerated 

holes are transferred across the heterojunction and subsequently to the 

electrolyte, where they participate in oxidation reactions. In Figure 2.9b, 

the hole transport layer (HTL) performs the opposite function, collecting 

holes and transporting them to the external circuit, while electrons are 

transferred to the other component of the heterojunction and 

subsequently to the electrolyte, where they participate in reduction 

reactions. In this way, type II heterojunctions not only increase the charge 

separation efficiency, reducing recombination, but also enable 

directional and selective charge transport across the interface.107–113 

The concepts presented in this chapter provide the theoretical framework 

for understanding the charge carrier dynamics and interfacial processes 

in semiconductor photoelectrochemical systems. In particular, the kinetic 

competition between charge transfer and recombination, together with 

the role of surface states and heterojunctions, constitutes the basis for the 

interpretation of experimental results discussed in the following 

chapters. 
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Chapter 3 

 

Structural, morphological, and 

optical characterisation 

 

Summary 

This chapter introduces the techniques used for the structural, 

morphological, and optical characterisation of the investigated materials, 

focusing on their underlying principles and analytical capabilities. 

Particular emphasis is placed on how these approaches enable the 

assessment of crystallinity, morphology, and light-matter interaction, 

which are key to understanding the physicochemical behaviour of the 

materials. The concepts described in this chapter establish the basis for 

the interpretation of the experimental results discussed in Chapters 6, 7, 

and 8. 
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3.1. Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a widely used technique for the 

morphological characterisation of solid materials, based on the 

interaction between a focused electron beam and the surface of a sample. 

In a conventional SEM, the electron beam is generated by an electron 

source, accelerated under high vacuum, and focused into a fine probe by 

a system of electromagnetic lenses, including condenser and objective 

lenses. The beam is raster-scanned across the sample by means of 

deflection coils, enabling spatially resolved signal generation and image 

formation. A schematic representation of the main components of an 

SEM instrument is shown in Figure 3.1.114–118 

 

Figure 3.1. Schematic illustration of an SEM showing the main 

instrumental components and electron beam pathway. 
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Upon interaction of the incident electron beam with the material, a 

variety of signals are generated as a result of elastic and inelastic 

scattering processes. Among these, secondary electrons (SE) and 

backscattered electrons (BSE) are the most used for imaging. SE 

originate from inelastic interactions with weakly bound electrons and 

possess low kinetic energy, providing high-resolution information on 

surface topography. BSE result from elastic collisions with atomic nuclei 

and retain a large fraction of the incident electron energy; their yield is 

strongly dependent on the atomic number, enabling compositional 

contrast.114–118 

In this thesis, a field-emission scanning electron microscope (FE-SEM) 

was used. FE-SEM employs a field emission electron source, which 

provides a highly coherent beam with a reduced energy spread and a 

smaller probe size. This results in improved spatial resolution, 

particularly at low accelerating voltages, and enhanced imaging 

performance for materials that are sensitive to electron beam damage or 

charging effects.114–118 

For electrically insulating or poorly conductive materials, the 

accumulation of surface charge under electron irradiation can lead to 

image distortion, reduced resolution, and signal instability. To mitigate 

these effects, samples are often coated with a thin conductive layer 

before observation. This coating, typically consisting of a few 

nanometres of a noble metal such as gold, platinum, or palladium, 

facilitates charge dissipation and improves signal collection, thereby 

enhancing image quality and contrast. The use of such conductive 

coating is particularly relevant when operating at low accelerating 

voltages or when analysing beam-sensitive materials.114–118 This 

approach was selectively applied to the PCN-222 samples studied in 

Chapter 6, which exhibit lower electrical conductivity than metal 

oxides, to ensure stable imaging conditions and improved surface 

definition. 

In this thesis, SEM analysis was performed using both top-view and 

cross-sectional configurations, enabling a comprehensive assessment of 

the sample morphology. Top-view imaging was employed to evaluate 

particle size, shape, and surface distribution, as well as the overall 
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morphology of the deposited layers. In addition, cross-sectional 

observations provided direct information on layer thickness and 

structural organisation across the film depth, allowing a complete 

characterisation of the material architecture.  

 

3.2. Energy dispersive X-ray spectroscopy 

(EDX) 

Energy dispersive X-ray spectroscopy (EDX) is an analytical technique 

commonly coupled to SEM that enables elemental identification and 

spatially resolved compositional analysis. In addition to the electron 

signals described in the previous section, the interaction of the incident 

electron beam with the sample can also induce inner-shell ionisation of 

atoms. The subsequent relaxation of electrons from higher energy levels 

results in the emission of characteristic X-ray photons, whose energies 

are specific to each element, allowing their identification. The intensity 

of these signals provides qualitative and semi-quantitative information 

on the elemental composition of the material.114–118 

The emitted X-rays are detected using semiconductor-based detectors, 

which convert photon energy into electrical signals, producing spectra 

composed of a characteristic peak superimposed on a continuous 

background. Besides point analysis, EDX can be employed to generate 

elemental maps by collecting spectra over a defined area of the sample, 

enabling visualization of the spatial distribution of elements across the 

surface.114–118 However, the spatial resolution of the technique is limited 

by the electron-matter interaction volume, and its quantitative accuracy 

may be affected by factors such as matrix effects, absorption phenomena, 

and peak overlap. 

 

3.3. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a standard non-destructive technique used for 

the structural characterisation of crystalline materials, providing 

information on crystal structure, phase composition, and lattice 
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parameters. The technique is based on the diffraction of X-rays by 

periodically arranged atomic planes within a crystal. When an incident 

X-ray beam interacts with a crystalline material, elastic scattering occurs, 

and constructive interference arises only for specific directions that 

satisfy the geometric conditions imposed by the crystal structure.119,120 A 

schematic representation of the XRD process is shown in Figure 3.2.  

 

Figure 3.2. Schematic representation of the XRD measurements, 

illustrating the interaction of incident radiation with a crystalline surface 

and the detection of the diffracted beam. 

 

The condition for constructive interference is described by Bragg’s law: 

mλ = 2dsinθ (3.1) 

Where m is the order of reflection, λ is the wavelength of the incident 

radiation, d is the interplanar spacing, and θ is the Bragg angle between 

the incident beam and the crystallographic planes. When this condition 

is fulfilled, the scattered waves interfere constructively, producing 

diffraction peaks that are characteristic of the crystal structure.  

In addition, XRD can be used to estimate the average crystallite size (D) 

through peak broadening analysis, typically using the Scherrer equation: 

D = 
Kλ 

β cosθ
(3.2) 



37 
 

Where K is the Scherrer constant, and β is the full width at half maximum 

(FWHM) of the diffraction peak. This approach provides an estimation 

of the coherent diffraction domain size, which is particularly useful for 

nanostructured materials.  

In a typical XRD experiment, the intensity of the diffracted X-rays is 

recorded as a function of the scattering angle (2θ), generating a 

diffraction pattern in which each peak corresponds to a specific set of 

crystallographic planes. The position and intensity of these peaks provide 

information on phase identification, crystallinity, and preferred 

orientation. Comparison with the reference database allows the 

identification of crystalline phases and the assessment of structural 

properties of the material.119–121 

In addition, grazing angle X-ray diffraction (GAXRD) was employed for 

the analysis of thin films and powders (PXRD). In this configuration, the 

incident X-ray beam is directed onto the sample at a very low angle, 

typically below a few degrees, thereby reducing the penetration depth 

and enhancing the contribution from the near-surface region.  

 

3.4. X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical 

technique widely employed to investigate the elemental composition, 

chemical states, and electronic structure of materials. The method relies 

on the photoelectric effect, whereby irradiation with monochromatic X-

rays induces the emission of core-level electrons from atoms within the 

material.122–124 

The kinetic energy of the emitted photoelectrons is measured using an 

electron energy analyser, allowing the determination of their binding 

energy (BE) according to: 

BE = hν − (Ekin+Φ) (3.3) 

Where Ekin is the measured kinetic energy, and Φ is the work function of 

the spectrometer. Since the BE is characteristic of each element and 
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sensitive to its chemical state, XPS enables both elemental identification 

and analysis of oxidation states and chemical bonding.  

XPS spectra are typically represented as the intensity of detected 

electrons as a function of binding energy, where distinct peaks 

correspond to specific electronic levels of the element present. Variation 

in peak position and shape provides information on the local chemical 

state, including oxidation states and coordination. Due to the limited 

inelastic mean free path of electrons in solids, typically on the order of a 

few nanometres, XPS is inherently surface-sensitive, probing only the 

near-surface region of the material.122–124 

In addition, depth profiling can be achieved by sequential removal of 

surface layers, commonly through ion sputtering, allowing the 

investigation of compositional variations along the sample depth. This 

approach is particularly useful for the analysis of thin films and layered 

structures. 

 

3.5. Dynamic light scattering (DLS) 

Dynamic light scattering (DLS) is a technique for determining particle 

size distributions in colloidal suspensions and nanoparticle dispersions, 

based on the analysis of temporal fluctuation in the intensity of light 

scattered by particles undergoing Brownian motion in a liquid medium. 

When a coherent light source, typically a laser, illuminates the 

dispersion, the suspended particles scatter light, and their continuous 

random motion leads to time-dependent variations in the scattered 

intensity. These fluctuations are analysed through an autocorrelation 

function, from which the translational diffusion coefficient of the 

particles can be obtained.125,126 

The particle size is expressed in terms of the hydrodynamic diameter 

(Dh) defined as the diameter of a hypothetical hard sphere that diffuses 

at the same rate as the particle under investigation. This parameter 

reflects the effective size of the diffusing entity in the liquid, including 

contributions from solvation layers and surface-bound species, and may 

therefore differ from dimensions obtained by microscopy-based 
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techniques. The Dh is calculated from the diffusion coefficient using the 

Stokes-Einstein equation, expressed in terms of the particle diameter: 

Dh = 
 kBT

3πηDt

(3.4) 

Where η is the viscosity of the medium, and D is the translational 

diffusion coefficient. In a system where aggregation occurs, the 

measured size corresponds to the hydrodynamic diameter of the 

aggregates, and even a small fraction of larger particles can significantly 

influence the result due to the strong dependence of scattering intensity 

on the particle size.125–127 

In addition to particle size, the polydispersity index (PDI) is obtained 

from cumulant analysis of the autocorrelation function and measures the 

width of the size distribution. Low PDI values indicate narrow size 

distributions, whereas higher values are associated with broader 

distributions or the presence of aggregates.127 

The zeta potential (ζ) is determined from electrophoretic mobility 

measurements, typically obtained by laser Doppler anemometry (LDA), 

providing information on the surface charge of the particles and allowing 

the assessment of colloidal stability.128 

 

3.6. UV-Visible spectroscopy (UV-Vis) 

Ultraviolet-visible (UV-Vis) spectroscopy provides information on the 

optical absorption properties of materials as a function of wavelength, 

arising from electronic transitions within the material. 

For colloidal dispersion, optical properties were evaluated through 

transmission measurements. The transmittance, T(λ), is defined as the 

ratio between transmitted, I(λ), and incident light intensity, I0(λ), as 

T(λ) = 
I(λ)

I0(λ)
(3.5) 

The absorbance is then obtained from the transmittance according to: 
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Abs(λ) = − log
10

(T(λ)) (3.6) 

The optical processes involved upon UV-Vis irradiation of a solid sample 

are schematically illustrated in Figure 3.3. The measured response arises 

from the relative contributions of transmission, reflection, and 

scattering.129,130 

 

Figure 3.3. Schematic representation of the different optical processes 

occurring upon irradiation of a solid sample. 

For films deposited on a substrate, optical characterisation was 

performed using diffuse reflectance spectroscopy (DRS). In this 

configuration, an integration sphere is employed to collect both specular 

and diffuse components of the reflected light, providing a measurement 

of the total reflectance. The total reflectance RT(λ) is calculated as: 

𝑹T(λ) = 
Rsample(λ)

Rreference(λ)
100 (3.7) 
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where the reference corresponds to the bare substrate. In this 

configuration, as shown in Figure 3.4, the sample is placed on a 

diffusively reflective holder, made of the same material as the integration 

sphere, which redirects transmitted light back towards the sample. As a 

result, light that is not collected as reflected is assumed to be absorbed, 

allowing the absorptance, A(λ), to be estimated as 

A(λ) = 100 − RT(λ) (3.8) 

 

Figure 3.4. Integration sphere configuration for DRS measurements, 

with the sample mounted on a high-reflectance diffuse holder.  

Under these conditions, the absorptance approximates the light-

harvesting efficiency (LHE), representing the fraction of incident 

photons absorbed at each wavelength.130  

The optical bandgap of the materials can be estimated from UV-Vis 

measurements using the Tauc method, which relates the absorption 

coefficient to the photon energy. For materials analysed in transmission, 

the absorption coefficient (α) can be used to construct a Tauc plot 

according to 
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(αhν)
γ
 = B(hν − Eg) (3.9) 

where B is the proportionality constant, and γ depends on the nature of 

the electronic transition, γ = ½  for indirect transitions, and γ = 2 for direct 

transitions. The bandgap is determined by extrapolating the linear region 

of the plot to (αhν)γ = 0.64,69,70,131 

For films analysed by DRS, the absorption coefficient is not directly 

accessible. In this case, the Kubelka-Munk function, F(R) is used as an 

approximation: 

F(R∞) = 
(1 −

RT(λ)
100

)
2

2
RT(λ)
100

(3.10) 

Where F(R∞) is proportional to the absorption coefficient under the 

assumption of an optically thick and diffusively scattering sample. 

Therefore, Tauc plots can be constructed by replacing α with F(R∞), 

allowing the estimation of the optical bandgap from reflectance data.132 

In this thesis, transmission measurements were employed to determine 

the absorbance of particle dispersions, while DRS measurements were 

used to evaluate the optical properties of films.  

 

3.7. Fourier transform infrared spectroscopy 

(FTIR) 

Fourier transform infrared (FTIR) spectroscopy is a vibrational 

spectroscopic technique used to identify chemical bonds and functional 

groups in materials through their interaction with infrared radiation. The 

technique is based on the absorption of infrared light by molecular 

vibrations, which occur when the frequency of the incident radiation 

matches the natural vibrational frequencies of chemical bonds. 

In an FTIR experiment, a broadband infrared source is directed through 

an interferometer, which modulates the radiation as a function of the 

optical path difference. The resulting interferogram is recorded as a 

function of time and subsequently converted into a conventional 



43 
 

spectrum of intensity versus wavenumber by applying a Fourier 

transform. This approach enables the simultaneous acquisition of all 

wavelengths. 

The obtained FTIR spectrum represents the absorbance (or 

transmittance) as a function of wavenumber, where characteristic 

absorption bands correspond to specific vibrational modes of the 

chemical bonds present in the material. These bands provide qualitative 

information on molecular structure, functional groups, and chemical 

compositions.133,134 

In this thesis, FTIR spectroscopy was employed to analyse functional 

groups attached to the surface of the photocatalytic material. 

The physicochemical properties of semiconductor materials strongly 

influence their behaviour under photoelectrochemical operating 

conditions. In this context, the characterisation methods presented in this 

chapter provide insight into the structure, morphology, composition, 

surface chemistry, and optical response of investigated systems. The 

information obtained through these approaches constitutes a 

fundamental basis for understanding the experimental results discussed 

in the following chapters. 
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Chapter 4 

 

(Photo)electrochemical 

characterisation 

 

Summary 

This chapter describes the (photo)electrochemical characterisation 

techniques employed throughout this thesis. It provides an overview of 

the methodologies used to evaluate the charge carrier dynamics. In 

addition, the fundamental principles of small-perturbation 

(opto)electronic techniques are introduced, enabling a deeper 

understanding of the processes governing the photoelectrochemical 

performance. The concepts presented in this chapter support the 

interpretation of the experimental result discussed in Chapters 6, 7, and 

8. 
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4.1. Current density-potential (J-E) curves 

Current density-potential (J-E) curves constitute one of the most widely 

used tools for the photoelectrochemical characterisation, as they provide 

general insight into the electrode performance. These curves are typically 

obtained through linear sweep voltammetry (LSV) or cyclic 

voltammetry (CV) by recording the current response as a function of 

applied potential under controlled illumination conditions, normalised 

by the active area.  

J-E curves enable the extraction of key parameters that describe the 

(photo)electrochemical behaviour of the system. In particular, they 

provide information on the photocurrent density and energy conversion 

efficiency as functions of the applied potential, as well as the 

corresponding dark current response. The analysis of these curves also 

allows the determination of the photocurrent onset and plateau and 

identification of their sign, distinguishing between anodic and cathodic 

behaviour, as illustrated in Figure 4.1.64 Experimentally, J-E curves were 

obtained by sweeping the applied potential at a constant rate of 20 mV 

s−1 in this thesis, either in the dark, under continuous illumination, or by 

switching the light on and off at a fixed frequency during the 

measurement. 

 

Figure 4.1. Schematic steady-state J-E curve for cathodic (left) and 

anodic (right) behaviour under dark (black dashes) and illumination (red 

line) conditions. 
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In addition, characteristic features in the curves can be associated with 

the redox processes at the electrode/electrolyte interface. Furthermore, 

J-E measurements can give insight into charge transport limitation 

within the system, for instance by comparing front- and back-side 

illumination conditions.64,135  

When measurements are performed under chopped illumination, 

transient features such as current spikes or delayed responses upon light 

on/off switching may be observed, as is schematised in Figure 4.2, 

where representative transient photocurrent behaviours are illustrated. 

This transient response can be monitored either during potential sweeps 

(J-E) or under fixed potential conditions via chronoamperometry, where 

the photocurrent is recorded as a function of time (J-t), providing a direct 

assessment of steady-state behaviour and enabling the evaluation of the 

temporal stability of the photoelectrode under operational conditions. 

 

Figure 4.2. Schematic representation of the origin of transient 

photocurrent response under chopped illumination, including (a) 

electron (for photocathode) photocurrent without surface recombination, 

(b) hole (for photoanode) photocurrent increasing the applied potential, 
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(c) surface electron-hole recombination due to accumulation of hole (for 

photoanode) at the surface, inducing band edge unpinning, (d) surface 

trapped electron (for photocathode). This schematic is valid for both 

photoanode and photocathode behaviours with opposite photocurrent 

signals (positive photocurrent for photoanode and negative photocurrent 

for photocathode). The different profiles illustrate typical responses 

associated with charge separation, accumulation, recombination, and 

trapping processes at the electrode surface. 

 

Upon illumination, the photocurrent often exhibits an initial spike 

followed by a decay towards a quasi-steady value. This transient 

response is commonly attributed to the rapid generation of charge 

carriers and their temporal accumulation at the electrode surface or 

within trap states, before slower processes such as charge transfer and 

recombination reach the equilibrium. The magnitude of the spike and the 

rate of decay can therefore provide information about charge separation 

efficiency and recombination kinetics. When the light is switched off, the 

decays back to the dark value. The shape and timescale of this decay are 

indicative of the lifetime of accumulated charges and the extent of 

recombination processes. A rapid decay suggests fast recombination or 

efficient charge extraction, whereas a slower decay may indicate charge 

trapping or delayed recombination processes.96,99,101,136–140 Therefore, 

the analysis of these transient features allows a qualitative assessment of 

charge carrier dynamics, as is discussed in more detail in Chapter 6. 

The measured current can arise from different contributions or processes 

that may occur simultaneously within the system. In 

photoelectrochemical systems, the dominant contribution typically 

originates from light-induced processes in the photoactive material. 

Upon illumination, photon absorption generates electron-hole pairs, 

whose separation and transport, in competition with recombination 

processes, determine the flux of charge carriers reaching the 

semiconductor/electrolyte interface. Once these photogenerated carriers 

reach the interface and are transferred, they can participate in oxidation 

or reduction reactions, leading to a Faradaic contribution to the 

current.141 
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In addition to these contributions, the measured current may also include 

non-Faradaic components. In particular, the charging and discharging of 

the electrical double layer give rise to a capacitive current, which is 

particularly relevant in potential regions where no interfacial reactions 

occur. Furthermore, surface-related phenomena such as charge 

accumulation, trap states, or adsorption processes can also contribute to 

the overall current response, modifying the shape of the J-E curve and, 

in some cases, complicating their interpretation.141 

All potentials (E) are reported with respect to the reversible hydrogen 

electrode (RHE) scale and were converted from the Ag/AgCl (3 M KCl) 

reference electrode according to: 

ERHE = EAg/AgCl + 0.059 pH + EAg/AgCl
° (4.1) 

where Eº Ag/AgCl is the standard potential of the reference electrode. J-E 

and J-t curves are analysed and discussed in more detail in Chapters 6, 

7, and 8. 

 

4.2. External quantum efficiency (EQE) 

In photoelectrochemical systems, the energy conversion efficiency can 

be evaluated by correlating the generated photocurrent with the incident 

photon flux. In this context, the external quantum efficiency (EQE), also 

referred to as incident photon-to-current conversion efficiency (IPCE), 

quantifies the fraction of incident photons that contribute to the measured 

photocurrent at a given monochromatic wavelength, and is expressed as: 

EQE = 
J

Plight

h c

e λ
100 = 

Jphotoelectrode 

Aphotoelectrode 

Jphotodiode 

SRphotodiode Aphotodiode 

h c

e λ
100 (4.2) 

Where J corresponds to the photocurrent (A) measured for both the 

photoelectrode and the photodiode under the same conditions, Plight is the 

light power intensity (W m−2), A is the active area (m2) of the 

photoelectrode and photodiode, SR is the spectral response (A W−1) of 

the photodiode, h is Planck’s constant (J s), c is the speed of light (m s−1), 
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e is the elementary charge (C) and λ is the wavelength (m) of the incident 

light used for the measurement.  

Since EQE is based on the total number of incident photons, it reflects 

the overall efficiency of the system, including optical losses such as 

reflection or transmission. When only the absorbed photons are 

considered, the internal quantum efficiency (IQE), also referred to as 

absorbed photon-to-current conversion efficiency (APCE), can be 

defined as 

IQE = 
EQE 

LHE
(4.3) 

The IQE provides an intrinsic measure of the efficiency of the charge 

carrier dynamics, excluding optical effects. 

 

4.3. Small-signal perturbation techniques 

Small-signal perturbation techniques are essential for a better 

understanding of the processes and mechanisms that limit the 

photoelectrode performance. In these methods, either the applied 

potential or the incident light intensity is sinusoidally modulated over a 

wide frequency range, the system response is measured, and a transfer 

function is defined. For the analysis to be valid, several conditions must 

be fulfilled: (i) the photoelectrode must remain stable during the 

measurement and operate under steady-state conditions (stability); (ii) 

the measured response must be a direct consequence of the applied 

perturbation (causality); and (iii) the response must be linearly related to 

the perturbation amplitude (linearity).26 The small-perturbation 

techniques used in this thesis are electrochemical impedance 

spectroscopy (EIS), where the transfer function is given by the ratio 

between the modulated potential and the resulting current, and intensity-

modulated photocurrent spectroscopy (IMPS), where, at a constant 

applied potential, the modulated photocurrent is normalised to the 

modulated light intensity. These techniques are closely related, and their 

combined use can provide a consistent description of the system, as 

shown in Chapter 8.142,143 
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The validity of this small-signal approach can be experimentally 

assessed through time-domain representations of the system response. 

The sinusoidal response of the system, either in terms of voltage or 

photocurrent, is characterised by its amplitude and phase shift with 

respect to the applied perturbation, as shown in Figure 4.3. The 

relationship between the frequency-dependent response and the 

perturbation signal can be described through a transfer function, which 

provides insight into the dynamic response of the system under small 

perturbations. 

 

Figure 4.3. Sinusoidal output (blue line) of a linear system in response 

to a sinusoidal input (red line) in the time domain. 

 

The spectrum is measured over a broad frequency range, typically from 

105 Hz to 10−2 Hz. This range is selected to probe different timescales 

associated with electronic and kinetic processes occurring in the 

electrode. In practice, the frequency window is also limited by 

instrumental constraints, such as the potentiostat response and the 

measurement setup. The amplitude of the perturbation must be carefully 

controlled: it should be sufficiently small to ensure a linear response of 

the system, while remaining large enough to produce a measurable signal 

above the noise level. In this thesis, perturbation amplitudes on the order 
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of 10% of the bias light intensity for IMPS and 10 mV for EIS were 

employed.64,144–146 

To verify that the systems operate within the linear regime, the 

relationship between the applied AC perturbation and the resulting 

electrode response can be visualised in the time domain. In this context, 

the Lissajous plot provides a convenient representation: when the 

response is linear, the resulting figure appears as a symmetric ellipse or 

straight line, reflecting the proportionality between input and output 

signals, as is shown in Figure 4.4.  

 

Figure 4.4. Lissajous plot showing the linear AC (a) linear and (b) non-

linear response of the electrode  
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In addition, to ensure that the photoelectrode remains stable throughout 

the measurement, a J-E curve is recorded at the beginning and at the end 

of each experiment to verify that no significant changes occur in the 

electrode performance during the measurement. Furthermore, a 

chronoamperometric measurement is performed for 15 min prior to each 

EIS or IMPS data point to confirm the stability of the photocurrent and 

the absence of transient effects, ensuring that the electrode is in a steady 

state before perturbation is applied. 

The frequency-dependent response of the electrode can be represented in 

different forms to extract complementary information. The Nyquist plot 

(Figure 4.5a) shows the imaginary versus the real component of the 

response, the Cole-Cole plot (Figure 4.5b) displays the imaginary 

component as a function of frequency, and the Bode plot (Figure 4.5c) 

presents the magnitude and phase of the response as a function of 

frequency. These representations together allow a clear overview of the 

system's dynamic behaviour. 

 

Figure 4.5. Different representations of the frequency-dependent 

response: (a) Nyquist, (b) Cole-Cole, and (c) Bode plots extracted from 

EIS measurement. 
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4.3.1. Electrochemical impedance spectroscopy 

(EIS) 

In EIS technique, a small-amplitude sinusoidal AC voltage perturbation 

is superimposed on a DC bias, and the resulting current response is 

measured as a function of angular frequency (ω) 144,145,147–150 as 

ω = 2πf (4.4) 

By analysing the relationship between the applied voltage (V) and the 

measured current (I), the impedance (Z) (i.e., the resistance, R) of the 

system is obtained as their ratio, in analogy with Ohm’s law, as 

R = 
V

I
(4.5) 

The applied voltage perturbation can be expressed as 

V(t) = V0cos(ωt) (4.6) 

Where the V0 is the amplitude of the voltage perturbation. The resulting 

current response also varies sinusoidally, but with a phase shift related to 

the applied voltage perturbation as  

I(t) = I0cos(ωt − φ) (4.7) 

Where I0 is the amplitude of the current response, and φ is the phase shift 

between voltage and current. Thus, the impedance is defined as the 

complex ratio of the modulated voltage, Ṽ, to modulated current, Ĩ, in the 

frequency domain, extending Ohm’s law to describe the electrochemical 

systems as a frequency-dependent transfer function 

Z(ω) = 
Ṽ(ω)

Ĩ(ω)
 = 

V0cos(ωt)

I0cos(ωt − φ)
(4.8) 

Z(ω) can be represented as a complex number 

Z(ω) = Z '(ω) + iZ ''(ω) (4.9) 

Where Z´ and Z´´ represent the real and the imaginary component of the 

impedance, and i is the imaginary unit (i = √1) . 
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Equivalent circuit modelling is a common approach to interpret EIS data, 

providing a simplified representation of complex dynamic processes. In 

this context, the frequency-dependent response is reproduced using a 

network of resistors, capacitors, and non-ideal capacitive elements, each 

representing specific physical processes such as charge transport, 

recombination, or interfacial charge storage. 

The simplest Randles-type equivalent circuit, shown in Figure 4.6a, 

consists of a series resistance (Rs) combined in series with a parallel RC 

element, whose total impedance can be expressed as 

Z(ω) = Rs+
1

iωC+
1
R

(4.10) 

This expression gives rise to a complete loop in the Nyquist plot, with its 

intercept on the real axis defined by Rs, the diameter corresponding to R, 

and a characteristic frequency defined by the RC time constant. 

When a second loop appears in the Nyquist plot, an additional RC 

element must be included, as shown in Figure 4.6b, thus Eq. 4.10 can 

be rewritten as 

Z(ω) = Rs+
1

iωC1+
1

R1+
1

iωC2+
1
R2

(4.11)

 

In real (photo)electrochemical systems, ideal capacitive behaviour is 

rarely observed, as deviations from ideality arise from factors such as 

surface roughness, interfacial heterogeneity, and distributed reaction 

pathways at the semiconductor/electrolyte interface. Consequently, ideal 

capacitors often fail to accurately describe experimental impedance 

response, and are therefore replaced by constant phase elements 

(CPEs).145,151–153 In this case, the impedance of an ideal capacitor, is 

substituted by that of a CPE 

ZCPE = 
1

Q(iω)
nCPE

(4.12) 
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Where Q is a pseudo-capacitance (snCPE Ω−1) and nCPE (with 0 < nCPE ≤ 

1) is the exponent indicating the deviation from ideal capacitive 

behaviour. When nCPE = 1, the CPE corresponds to an ideal capacitor, 

while decreasing values of nCPE correspond to progressively greater 

deviation from ideal capacitive behaviour. Exponents below 

approximately 0.90 indicate a pronounced non-ideal response. 

 

Figure 4.6. (a) Randles-type equivalent circuit used when only one 

semicircle is observed, and (b) simplified equivalent circuit applied when 

two semicircles are visible.  

When CPE is connected in parallel with a R, an effective capacitance 

(Ceff) can be introduced to a better physical interpretation and to enable 

direct comparison with the behaviour of an ideal RC circuit. The Ceff is 

typically expressed as  

Ceff = (QR1–nCPE)
1

nCPE (4.13) 

The experimental EIS spectra in this thesis were analysed and fitted 

using Zview4. The EIS analysis and the corresponding equivalent 

circuits used in this thesis are discussed in more detail in Chapter 8. 
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4.3.2. Intensity-modulated photocurrent 

spectroscopy (IMPS) 

This section focuses on the use of IMPS to characterise n-type metal 

oxide photoelectrodes, following the kinetic approach of Laurence M. 

Peter and co-workers, as discussed in Section 2.6 of this thesis.42,96,98–

101,136,147,154,155 In this technique, a small sinusoidal modulation is 

superimposed onto a constant light intensity, and the resulting modulated 

photocurrent is quantified as a function of frequency (Eq. 4.4). 

IMPS results are typically interpreted through the transfer function, 

H(ω), which is defined as the ratio of modulated photocurrent, j̃
ph

, to the 

modulated light intensity, Ĩligh, in the frequency domain 

H(ω) = 
j̃
ph

(ω)

Ĩligh(ω)
=  

j
ph 

sin(ωt +φ )

j
0 

sin(ωt) 
(4.14) 

When an LED with a specific wavelength is used, the amplitude of the 

modulated light intensity, j0, can be described in terms of photon flux 

(cm−2 s−1), while the amplitude of the modulated photocurrent, jph, is 

converted to electron flux (cm−2 s−1). As a result, H(ω) represents the 

complex, small-signal, frequency-dependent EQE, and quantitative 

values can be obtained through normalisation against a calibrated 

photodiode, as is shown in Eq. 4.2. 

H(ω) can be represented as a complex number 

H(ω) = Re(H) + iIm(H) (4.15) 

Where Re(H) and Im(H) represent the real and imaginary components 

of the transfer function, respectively. The AC component of the H(ω) is 

H(ω) = 
j
ph

j
0

 
ktr+iω 

CT
Csc

ktr+krec+iω
 

1

1+iωRCT
(4.16) 

where 

CT = 
CscCH

 Csc+ CH

(4.17) 
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In the limiting case that Csc << CH, Eq. (4.16) can be rewritten as 

H(ω) = 
j
ph

j
0

 
ktr+iω 

ktr+krec+iω
 

1

1+iωRCT
(4.18) 

Figure 4.7 illustrates the different loop shapes observed in IMPS 

measurements for an n-type semiconductor, which can be described 

based on Eqs. 4.16 and 4.18. 

 

Figure 4.7. Schematic IMPS spectra under different kinetic regimes for 

n-type semiconductors. (1) krec >> ktr, (2) krec = ktr, (3) for krec < ktr, all 

under the condition Csc << CH and (RC)−1 << ktr + krec, and (4) krec << ktr 

with Csc and CH of similar magnitude. The presence of a small curl is 

indicative of surface states. The arrow indicates the direction of 

increasing frequency. 

 

At high frequencies (ω → ∞), the system cannot follow the modulated 

illumination, and the IMPS transfer function tends to zero (H(ω) →0). 

In this regime, the modulated photocurrent is strongly attenuated, giving 

rise to a semicircle in the lower quadrant of the complex plane associated 

with the RC time constant of the system. The characteristic frequency at 

the minimum of this loop is defined as fmin, normally related to charge 

transport, charge separation and bulk recombination before separation. 
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As the frequency decreases, the influence of the RC term becomes less 

significant, and the response transitions towards the regime governed by 

interfacial kinetics. In this intermediate region, where ω >> ktr + krec but 

ω << 1 / (1 + RCT), the transfer function approaches (jph / j0), defined as 

maximum external quantum efficiency (EQEmax). 

Upon further decreasing the frequency (ω ≈ ktr + krec), the system 

response is governed by the competition between charge transfer and 

surface recombination processes. In this regime, the imaginary 

component of the photocurrent reaches a maximum at fmax = ktr + krec, 

giving rise to a semicircle in the upper quadrant of the complex plane. 

In the low-frequency limit (ω → 0), the system reaches steady-state 

conditions, and the transfer function simplifies to (jph / j0)(ktr / (ktr + krec)), 

which corresponds to the small-signal DC external quantum efficiency 

(EQEDC) of the system at the potential and light intensity applied. The 

term (ktr / (ktr + krec)) is defined as the relative charge transfer efficiency 

(ηtr), representing the fraction of photogenerated carriers that are 

successfully transferred rather than recombined.  

The previous analysis assumes the limiting case of Csc << CH, where the 

IMPS response exhibits a well-defined semicircle in the upper quadrant 

associated with charge transfer and recombination processes. However, 

when Csc and CH are of comparable magnitude and krec << ktr, the IMPS 

response can develop an additional semicircle in the lower quadrant of 

the complex plane, with a characteristic minimum frequency of the loop 

denoted as fmin2. This feature originates from the coupling between 

interfacial kinetics and capacitive effects. 

From a physical standpoint, the origin of the modulated photocurrent can 

be attributed to two main mechanisms: (i) the separation of 

photogenerated charge carriers at the semiconductor/electrolyte 

interface, and (ii) their separation driven by an internal electric field 

within the material. In practice, distinguishing between these 

contributions is not always straightforward. The overall 

photoelectrochemical response is governed by a combination of 

semiconductor and electrolyte properties. On the semiconductor side, 

relevant factors include the bandgap, doping density, and film 

characteristics such as morphology, porosity, particle size, and thickness. 
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On the electrolyte side, key parameters include the nature of the solvent, 

dielectric constant, ionic strength, pH, and the presence of appropriate 

redox species capable of interacting with the semiconductor. As a result, 

the system exhibits a wide range of possible behaviours depending on 

the interplay of these variables.26 The IMPS analysis and its application 

to probe charge carrier dynamics are discussed in more detail in 

Chapters 7 and 8. 

The techniques described in this chapter provide complementary 

information on the processes governing the behaviour of semiconductor 

photoelectrodes under operating conditions. In particular, the 

combination of steady-state and frequency-resolved measurements 

enables the analysis of charge separation, transport, recombination and 

interfacial transfer occurring at different timescales. These 

methodologies constitute the experimental basis for the discussion of 

charge carrier dynamics presented in the following chapters.  
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Chapter 5 

 

Photoelectrochemical system 

 

Summary 

This chapter introduces the general photoelectrochemical cell configuration 

employed throughout this thesis, followed by the fabrication of photoelectrodes 

based on semiconductor materials deposited onto fluorine-dope tin oxide (FTO) 

substrates. Different deposition techniques are presented and discussed in terms 

of their ability to control film properties such as thickness, homogeneity, and 

surface coverage. These strategies provide the basis for the photoelectrodes 

fabrication for the photoelectrochemical studies discussed in detail in Chapters 

6, 7, and 8. 
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5.1. Photoelectrochemical cell configuration  

The (photo)electrochemical measurements carried out in this thesis were 

performed using a conventional three-electrode configuration, as 

schematically illustrated in Figure 5.1. The system consists of a main 

electrolyte compartment containing the working electrode (WE), based 

on an FTO substrate coated with semiconductor materials, and a counter 

electrode (CE) consisting of a Pt wire. The WE is positioned directly 

behind a quartz window, which allows light to pass through without 

absorption, enabling direct irradiation of the electrode surface. This 

configuration allows both front-side and back-side illumination 

geometries. 

 

Figure 5.1. Schematic illustration of the photoelectrochemical cell with 

a three-electrode configuration. 

 

The reference electrode (RE), an Ag/AgCl electrode (3 M KCl), is placed 

in a separate compartment and electrically connected to the cell via a 

Luggin capillary equipped with a porous glass frit, which ensures ionic 
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conductivity while preventing cross-contamination between 

compartments. The potential was converted to RHE scale using Eq. 4.1. 

The cell is further equipped with a gas inlet, allowing the electrolyte to 

be purged with an inert gas (e.g., N2), thereby enabling control over 

dissolved species and ensuring well-defined and reproducible 

experimental conditions.  

Under operation, current flows between the WE and the CE through the 

external circuit and in measured using an Autolab PGSTAT302 

potentiostat, while ionic charge transport occurs within the electrolyte to 

maintain electroneutrality, thus completing the electrochemical circuit. 

The corresponding electrochemical reactions take place at the 

electrode/electrolyte interfaces. The potential of the WE is measured 

with respect to the RE, which provide a stable reference with a well-

defined electrochemical potential.  

 

5.2. Deposition techniques 

5.2.1. Spin coating 

Spin coating is a solution-based deposition technique in which a liquid 

precursor is deposited onto a substrate and subsequently spread by 

centrifugal force during high-speed rotation. As the substrate spins, 

excess solution is expelled, and the remaining liquid forms a thin film 

whose thickness is determined by the balance between viscous forces, 

solvent evaporation, and rotational speed. A schematic representation of 

the spin coating process is shown in Figure 5.2. This method enables the 

fabrication of uniform coatings with controlled thickness and is widely 

used for the preparation of thin films from colloidal dispersion or low-

viscosity precursor solution.156,157 
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Figure 5.2. Schematic representation of the spin coating process, 

illustrating the deposition of a liquid precursor onto a rotating substrate 

and the subsequent thinning of the film due to centrifugal spreading. 

 

5.2.2. Screen printing 

In screen printing, a paste or ink is deposited onto a substrate by passing 

it through a patterned mesh using a mechanical action, typically applied 

with a squeegee. The geometry of the mesh determines the shape and 

dimension of the resulting film, enabling a high degree of control over 

the deposited layer. A schematic representation of the screen-printing 

process is shown in Figure 5.3. This technique is commonly employed 

for the fabrication of structured coatings and is particularly well suited 
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for producing relatively thick and porous film from particle-based 

pastes.158,159 

 

Figure 5.3. Schematic illustration of the screen-printing technique, 

showing the transfer of paste through a patterned mesh onto a substrate 

using a squeegee.  

 

5.2.3. Spray pyrolysis 

Spray pyrolysis is a deposition technique in which a precursor solution 

is atomised into fine droplets and directed towards a heated substrate. 

Upon reaching the substrate, the solvent rapidly evaporates, and the 

precursor undergoes thermal deposition, leading to the formation of a 

solid film. A schematic representation of the spray pyrolysis process is 

shown in Figure 5.4. This technique is particularly well suited for the 

deposition of metal oxide films and allows the preparation of coatings 

over relatively large areas with good compositional control.160,161 
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Figure 5.4. Schematic illustration of the spray pyrolysis process, 

showing the atomisation of a precursor solution and its deposition onto 

a heated substrate, where solvent evaporation and thermal decomposition 

occur. 

 

5.2.4. Sputter deposition 

Sputter deposition is a physical vapour deposition (PVD) technique 

based on the interaction between a plasma and a solid target material. 

Energetic ions (e.g., Ar+) generated in the plasma impact the target 

surface, causing the emission of atoms that subsequently travel through 
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the gas phase and condense onto a substrate, forming a thin film. A 

schematic representation of the sputter deposition process is shown in 

Figure 5.5. This technique is widely employed for the preparation of 

compact and uniform coatings with good adhesion and enables precise 

control over film thickness.162,163 

 

Figure 5.5. Schematic representation of the sputter deposition process, 

showing the interaction between a plasma and a target material and the 

deposition of atoms onto the substrate. 

 

The deposition techniques presented in this chapter enable the 

fabrication of semiconductor photoelectrodes with controlled thickness, 

morphology, porosity, and surface coverage on conductive substrates. 

Since these parameters strongly influence the charge carrier dynamics, 

careful control over the fabrication procedure is essential for obtaining 

reproducible and well-defined photoelectrodes. The methodologies 

described here form the basis of the material systems investigated in the 

following chapters.
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Chapter 6 

 

Tuning the photoelectrochemical 

properties of Ti/W-modified 

PCN-222 using charge-selective 

interfaces 

 

Summary 

Metal-organic frameworks (MOFs) have attracted growing interest for 

PEC applications, including visible-light photocatalysis, CO2 reduction, 

and hydrogen evolution, owing to their structural tunability and hybrid 

inorganic-organic nature. The Zr-based porphyrinic framework PCN-

222 combines strong visible light absorption from its porphyrin linkers 

with robust Zr6 clusters that act as structural and electronic backbones. 

This chapter reports a modular strategy to tailor and optimise the PEC 

behaviour of PCN-222 through postsynthetic metal-node substitution 

with Ti, pore encapsulation of phosphotungstic acid (PTA), and 

integration with charge-selective interfaces. The resulting PCN-222 

materials exhibit photoelectrochemical activity across the entire visible 

range. Whereas pristine PCN-222(Zr) exhibits photocathodic behaviour 

(photoelectron transfer to the solution and photohole collection at the 

FTO substrate), partial substitution of Zr with Ti inverts the current to 
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photoanodic. Encapsulation of PTA further enhances the anodic 

photocurrent due to its electrocatalytic properties. Furthermore, charge-

selective TiO2 and NiOx interlayers deposited between the FTO substrate 

and the metal-organic framework (MOF) films enable selective 

extraction of photoelectrons or holes, respectively. This strategy results 

in a significant photocurrent enhancement, which can be attributed to 

effective competition of charge extraction and recombination. For PCN-

222(Zr), the cathodic photocurrent increases by a factor of 7 using a NiOx 

interlayer, while the current switches to photoanodic upon TiO2 

integration, illustrating the importance of efficient charge extraction. 

Similarly, the current direction is reversed to photocathodic for PCN-

222(Zr/Ti) and PCN-222(Zr/Ti/W) when using NiOx. This chapter 

discusses the interfacial charge extraction, charge transfer and trapping 

mechanisms in detail, providing strategies for the design of 

multicomponent MOF-based systems for photoelectrochemical devices. 

The contents of this chapter have been published in ACS Applied 

Materials & Interfaces.107 

 

6.1. Introduction 

Photoelectrocatalysis has been touted as one of the most promising 

strategies for the synthesis of chemical fuels and value-added products. 

By coupling light absorption with charge transport and surface redox 

processes, photoelectrocatalytic systems can drive reactions such as 

water splitting, CO2 reduction, or selective organic oxidation reactions 

using sunlight as the only energy source. Significant advances have been 

achieved with inorganic semiconductors, including n-type 

semiconductors TiO2, Fe2O3, WO3 and BiVO4, and p-type materials 

Cu2O, CuO and CuBi2O4; however, these materials often suffer from 

limited spectral absorption, poor stability (p-type), and limited tunability 

of their electronic properties.63,164 

Consequently, a central challenge in PEC research is the rational design 

of materials that combine broad light absorption with efficient charge 

separation and transport, while offering structural and chemical 

flexibility. 
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Controlling how a photoactive material behaves, whether it acts as an n-

type or p-type semiconductor, how its band edges align with the 

electrolyte redox potentials, and how efficiently charges are transferred 

through interfacial layers, largely determines the overall PEC 

performance. The type of semiconductor determines the direction of the 

photogenerated current: n-type materials typically drive oxidation 

reactions (photoanodes), while p-type materials favour reduction 

processes (photocathodes).165 Beyond bulk composition, interfacial 

engineering has proven crucial. Selective charge transport layers or 

molecular interlayers can promote directional transport, suppress 

recombination, and tune band bending at the semiconductor/electrolyte 

junction.166,167 Nevertheless, achieving precise control of such behaviour 

in complex hybrid materials remains a major materials science challenge. 

MOFs have emerged over the past decade as a powerful platform to 

address these issues. MOFs combine crystalline order, chemical 

modularity, and high surface area, allowing simultaneous control of 

composition, topology, and functionality.168 Their use in photocatalysis 

and PEC conversion is particularly appealing because both the organic 

linker and the metal node can contribute to light absorption and charge 

transport. Pioneering studies have demonstrated that several MOFs, 

particularly those based on Ti, Fe, or Zr clusters, can display 

semiconductor-like bandgaps and stable photoactivity in water.169–172 

The semiconductor behaviour of other MOFs, such as MOF-5, was also 

demonstrated in early studies.173 Still, most MOFs are intrinsically 

insulating, and long-range charge migration is hindered by large 

intermetallic distances and weak orbital overlap between linkers. 

Overcoming these limitations through structural design and 

compositional engineering is therefore an active area of research.  

Among all families of photoactive MOFs, porphyrinic frameworks are 

particularly attractive. The extended π-conjugation of the porphyrin 

macrocycle affords strong visible-light absorption through Soret and Q 

bands, while its central metal ion can be exchanged to tailor redox 

properties.174 The archetypal Zr-based PCN-222 exemplifies this 

concept: it features one-dimensional mesochannels lined with 

metalloporphyrins and robust Zr6O4(OH)4 nodes that provide 

exceptional chemical and thermal stability.175 PCN-222 and related 
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frameworks have been explored for visible-light photocatalysis, CO2 

reduction, and hydrogen evolution.176–179 Their porphyrinic units act as 

light harvesters and redox centres, whereas the inorganic nodes serve as 

electron transport materials and structural supports. 

However, despite their favourable optical characteristics, porphyrinic 

MOFs suffer from rapid charge recombination and poor electronic 

conductivity across crystals and films. The intrinsic separation between 

metal clusters and organic linkers hampers delocalisation of charge 

carriers, and the alignment of the frontier orbitals often prevents efficient 

injection of electrons into external substrates such as FTO.180 

Considerable effort has therefore been devoted to enhancing the 

electronic coupling in these systems. Strategies include linker 

functionalisation with donor or acceptor groups170,176 and incorporation 

of conductive guests.181 However, targeted modification of the inorganic 

node, either by partial metal substitution or by controlled defect 

generation, has emerged as the most powerful approach to reshape the 

electronic landscape and enhance charge transport. Mixed-metal 

substitution has been successfully employed to tailor band-edge 

positions and improve electronic coupling in Zr-based MOFs,182 while 

defect engineering strategies have been widely explored to enhance 

conductivity and catalytic activity in these robust frameworks.183–185 

Ti-doping or partial substitution of Zr by Ti in PCN-222 is particularly 

promising because Ti centres possess 3d orbitals of appropriate energy 

to mediate ligand-to-metal charge transfer (LMCT) processes and 

enhance electronic communication between porphyrins and the 

inorganic cluster. In analogy to mixed-metal oxides, introducing Ti into 

the Zr-oxo cluster can lower the conduction-band edge, improve electron 

mobility, and enable stronger coupling with conductive 

supports.180,182,186 Moreover, Ti species can act as active sites for 

interfacial reactions, favouring electron extraction and decreasing the 

recombination rate at the MOF/FTO interface. Such controlled 

substitution thus offers a versatile route to modulate the semiconductor 

character and directionality of the photoresponse. 

Complementary to cationic substitution, the incorporation of redox-

active molecular guests within MOF pores provides an internal pathway 
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for charge delocalisation and temporary electron storage. 

Polyoxometalates (POMs), and particularly Keggin-type 

phosphotungstates (PW12O4
3−), are well-known electron sponges 

capable of fast, reversible multielectron reduction while maintaining 

structural integrity.187 When confined inside MOFs, POMs can interact 

electronically with the framework through hydrogen bonding or 

coordination to node hydroxyls, forming hybrid materials with 

synergistic photoactivity.188 Encapsulation of an electron-rich POM 

within MOF matrices and their integration with semiconductor 

photoanodes has been shown to enhance visible-light-driven charge 

separation and interfacial electron transfer, thereby improving 

photocurrent generation and stability in photoelectrochemical water 

splitting systems.189 

On the other hand, photoelectrochemical systems exhibit parallel 

characteristics with third-generation solar cells. For many systems, the 

solar cell can be considered to consist of an active layer sandwiched 

between two selective contacts, one for electrons and one for holes. In 

this case, the charge extraction efficiency at these selective contacts 

determines the photocurrent rather than the potential distribution.190–193 

In photoelectrochemical systems, one selective contact is the electrolyte 

solution, which is generally characterised by slow charge transfer. 

Hence, efficient extraction of carriers at the FTO contact becomes 

crucial, which has led to heterojunction systems with the specific goal of 

improving charge extraction at the FTO contact side. A typical example 

is the FTO/WO3/BiVO4 system, where WO3 functions as a selective 

contact with a high electron extraction rate, thus significantly 

diminishing recombination in the BiVO4 absorber layer.194,195 

These observations highlight how subtle modifications, either intrinsic 

(via Ti substitution or POM incorporation) or extrinsic (through 

interfacial contacts), may provide opportunities to tailor the operational 

mode of a porphyrinic MOF electrode. Within this broad context, the 

present work investigates the interplay between composition, electronic 

structure, and photoelectrochemical characteristics in thin films of the 

porphyrinic MOF PCN-222(Zr), with a special emphasis on the influence 

of charge-selective interlayers on their performance. Three 

representative systems were fabricated on FTO substrates (or FTO 
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substrates incorporating interfacial transport layers): pristine PCN-

222(Zr), a mixed-metal analogue with partial substitution of Zr by Ti 

PCN-222(Zr/Ti), and a subsequent composite containing encapsulated 

phosphotungstic acid, H3PW12O40, PCN-222(Zr/Ti/W). By combining 

UV-Vis spectroscopy, transient photocurrent, and LSV under chopped 

illumination, this chapter analyses how each structural modification 

alters the optical response, charge-separation efficiency, and 

directionality of the photocurrent. The results reveal that Ti incorporation 

and subsequent H3PW12O40 encapsulation collectively shift the 

photoelectrode behaviour from photocathodic to photoanodic under 

visible-light illumination, with a strong dependence on the nature of the 

interfacial layer. Together, these findings provide fundamental insight 

into how rational chemical modification of MOF nodes, pores, and 

interfaces can tailor semiconductor behaviour in hybrid photoelectrodes, 

bridging the gap between molecular light-harvesting units and extended 

solid-state architectures. 

 

6.2. Experimental section 

6.2.1. Synthesis of PCN-222 (Zr) nanoparticles 

Nanoparticles of PCN-222 were synthesised in an Initiator Classic 

Microwave reactor (Biotage) by using a microwave-assisted (MW) 

method previously optimised in our group.196 First, the Zr6 clusters, 

[Zr6(μ3-O)4(μ3-OH)4], were prepared according to a previously reported 

method.197 For the nanoparticle synthesis, 76 mg (28.4 μmol) of Zr6 

clusters and 22.5 mg (28.5 μmol) of tetrakis(4-carboxyphenyl)porphyrin 

(BD168635, BLD Pharmatech) were dissolved in 8 mL of anhydrous N, 

N-dimethylformamide (DMF) (481785, Panreac) and placed into a 10 

mL MW vial. Next, 100 μL of trifluoroacetic acid (302031, Sigma-

Aldrich) was added to the vial. The mixture was subjected to an initial 

MW power of 250 W, reaching 100 °C within minutes, and further 

maintained for 10 min. After this time, the reaction was rapidly quenched 

by forced air cooling to suppress further crystal growth. The obtained 

nanoparticles were collected by centrifugation (10 000 RCF, 15 min), 

washed twice with fresh DMF and twice with methanol (131091, 
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Panreac). The purified product was redispersed in methanol to obtain a 5 

mg mL−1 suspension, which was stored at 4 °C until use. 

6.2.2. Preparation of PCN-222(Zr/Ti) 

nanoparticles: metal-exchange at the nodes 

The incorporation of Ti into PCN-222 nanoparticles was performed 

using a newly optimised microwave-assisted method aimed at 

maximising the amount of Ti incorporated. The previously prepared 

PCN-222 was dried and thermally activated in an oven at 120 °C for 6 h 

before performing the postsynthetic modification (PSM) to introduce Ti 

into the structure. For this purpose, 20 mg (8.5 μmol) of activated PCN-

222 and 10 mg (40 μmol) of bis(cyclopentadienyl)titanium(IV) 

dichloride (TiCp2Cl2) (234826, Sigma-Aldrich) were dissolved in 6 mL 

of anhydrous DMF and transferred into a 10 mL MW vial. The mixture 

was heated to 150 °C by MW irradiation and maintained at this 

temperature for 30 min. After this period, the modified PCN-222(Zr/Ti) 

nanoparticles were collected by centrifugation (10 000 RCF, 15 min), 

washed twice with fresh DMF and twice with methanol. The purified 

product was redispersed in methanol to obtain a 5 mg mL−1 suspension, 

which was stored at 4 °C until use. 

6.2.3. Preparation of PCN-222(Zr/Ti/W) 

nanoparticles: encapsulation of H3PW12O40 into the 

pores 

PCN-222 was dried and thermally activated in an oven at 120 °C for 6 h 

before performing the PSM to load H3PW12O40 molecules into the pores 

of the framework via an impregnation method under mild temperature 

conditions. Specifically, 20 mg (8.5 μmol) of activated PCN-222 and 80 

mg (27.8 μmol) of phosphotungstic acid hydrate (79690, Sigma-Aldrich) 

were dissolved in 6 mL of anhydrous DMF and placed into a 10 mL 

microwave vial. The mixture was allowed to soak for 30 min and then 

incubated at 60 °C under continuous stirring for 48 h. Afterwards, the 

modified PCN-222(Zr/Ti/W) nanoparticles were collected by 

centrifugation (10 000 RCF, 15 min), washed three times with methanol, 
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and finally redispersed in methanol to obtain a 5 mg mL−1 suspension. 

The sample was stored at 4 °C until use. 

6.2.4. Photoelectrode fabrication 

The FTO-coated conductive glass substrates (SnO2:F, 12-15 Ω sq−1, TEC 

15 Xop Glass) were sequentially cleaned using an ultrasonic bath for 20 

min in each of the following solvents: Milli-Q water containing 

Hellmanex III (Z805939, Sigma-Aldrich), Milli-Q water, ethanol 

(20821, VWR), isopropanol (278475, Sigma-Aldrich), and acetone 

(20067, VWR). After solvent cleaning, the substrates were dried using a 

nitrogen stream and subsequently treated in a UV ozone cleaner (Ossila, 

L2002A3-EU) for 30 min at room temperature. 

TiO2 and NiOx layers were deposited on FTO substrates via spray 

pyrolysis with the substrate at 300 °C under N2 flow. The precursors were 

0.14 M titanium diisopropoxide bis(acetylacetonate) (325252, Sigma-

Aldrich) in isopropanol and 0.05 M nickel(II) nitrate hexahydrate 

(203874, Sigma-Aldrich) in water, respectively. A total of 20 and 15 

layers were deposited, respectively, with a 30 s interval between each 

deposition step. After reaching the desired number of layers, the films 

were kept at 300 °C for 30 min and allowed to cool to room temperature. 

The photoelectrodes were prepared by depositing 20 μL of a 5 mg mL−1 

PCN-222(Zr, Zr/Ti, and Zr/Ti/W) previously sonicated dispersion in 

methanol onto FTO, FTO/TiO2, and FTO/NiOx substrates via a two-step 

spin-coating process: first at 500 rpm for 10 s to ensure covering the FTO 

substrate, followed by 3000 rpm for 30 s. This procedure was repeated 

for a total of 3 sequential deposition steps, with each layer left to dry at 

room temperature for 5 min to ensure solvent evaporation before the next 

coating step (see Figure 6.1). 

 



78 
 

Figure 6.1. (a) Photographs of PCN-222(Zr), PCN-222(Zr/Ti), and 

PCN-222(Zr/Ti/W) dispersed in methanol (5 mg mL−1). (b) Photographs 

of the photoelectrodes prepared by deposition of the different PCN-222 

material on FTO by spin coating technique, and (c) compact layers of 

TiO2 and NiOx deposited on FTO by spray pyrolysis. 

 

6.2.5. Structural, morphological, and optical 

characterisation 

SEM to evaluate the morphology and homogeneity of the nanoparticles 

was performed on a HITACHI S4800 FE-SEM operating at 2 kV. 

Samples were prepared by drying a diluted suspension of the particles in 

methanol on a silicon wafer substrate. Elemental composition of the 

nanoparticles (e.g., relative metal ratios Ti/Zr or W content) was 

estimated by semiquantitative EDX using the same FE-SEM instrument 

coupled to a Bruker-X Flash-4010EDX detector and operating at 10 kV.  

PXRD of the crystalline powder of the samples was performed using a 

Bruker D8-Advance Diffractometer. Cu Kα X-ray radiation was used 

and the measurement range was 1.5°−30° (2θ) with a step of 0.02°. 

GAXRD was performed using an incidence angle of 2°, in the 2θ range 

2°−60° with a step size of 0.01° per 0.2 s was used to determine the 
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crystalline structure of the PCN-222 films. All measurements were 

collected in 2D mode using a Bruker EIGER2 R 250 K Detector. DLS 

measurements on the nanoparticles in suspension (in methanol) were 

carried out using a Malvern Zetasizer Nano ZSP equipped with a 10 mW 

He−Ne laser operating at a wavelength of 633 nm and fixed scattering 

angle of 173.̊ The ζ-potential of the nanoparticles dispersed in water was 

measured with LDA using the same Malvern Zetasizer Nano ZSP 

instrument.  

XPS spectra were recorded in a Phoibos-100 spectrometer with a non-

monochromatized X-ray source (Al Kα; 1486.6 eV) and the power 

source was 230 W. The electron energy hemispherical analyser was 

operated in the constant pass energy mode. Low-resolution survey 

spectra were obtained with a pass energy of 50 eV, while high-energy 

resolution spectra of detected elements were obtained with a pass energy 

of 20 eV. The spectra were analysed with the “CASA XPS” software 

(version 2.3.16.Dev52). Binding energies were calibrated using C 1s 

signal as an internal standard at 284.8 eV. Shirley-type backgrounds were 

used to determine the areas under the peaks. 

The homogeneity, film thickness, and surface morphology were 

examined in both top-view and cross-section modes using a Zeiss 

Gemini 300 FE-SEM, with an accelerating voltage of 15 kV. EDX was 

used to estimate the elemental distribution of photoelectrode materials 

using the same FE-SEM system. The films were previously coated with 

a 10 nm gold layer using a Vac Coat sputtering system (model DSCT) to 

improve surface conductivity and minimise charging effects during SEM 

measurements. 

The absorbance spectrum of a diluted suspension (0.03 mg mL−1) of 

PCN-222 in methanol was measured using an Agilent UV-Vis Cary 100 

spectrophotometer (model G9821A), in the range of 350−800 nm. To 

determine the optical properties of the films, DRS was performed using 

a UV/Vis/NIR FSL1000-DD-STM Edinburgh Instruments 

spectrophotometer equipped with an integrating sphere and an Xe lamp 

as the light source in the 350−800 nm range, with a dwell time of 1 s and 

step size of 1 nm. 
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6.2.6. Photoelectrochemical characterisation 

PEC measurements were carried out using a three-electrode setup with 

front-side illumination (i.e., from the electrolyte side) in a single-

compartment electrochemical cell equipped with a quartz window. A Pt 

wire served as the counter electrode, while an Ag/AgCl electrode (3 M 

KCl) (P3911, Sigma-Aldrich) was used as the reference. The electrolyte 

was a 0.1 M acetate buffer (1.06267, Supelco and 211008, Panreac) 

solution at pH 4.5, which was purged with N2 for 20 min before the 

measurement to remove dissolved gases, such as O2. Measurements were 

performed with an Autolab PGSTAT302N system and a solar simulator 

(ABET 1100) equipped with an AM 1.5G filter, calibrated to 1 sun (100 

mW cm−2) using a silicon photodiode (Newport model 91150), and under 

high-power monochromatic LED illumination of different wavelengths: 

UV (λ = 400 nm), blue (λ = 455 nm), green (λ = 535 nm) and red (λ = 

670 nm) calibrated with a Si-photodiode (Hamamatsu S12698-2) at the 

same photon flux of 1.6 × 1016 cm−2 s−1. Both for the solar simulator and 

LED illumination, a chopper was used to modulate the light intensity at 

a frequency of 0.18 Hz. The emission spectra of the LEDs were obtained 

using an Ocean Optics (USB 4000) spectrometer equipped with an 

optical fibre. The applied potential was converted to the RHE at pH 4.5. 

The illuminated area in contact with the electrolyte was 1 cm2, and the 

scan rate was 20 mV s−1. The photoelectrochemical characteristics 

remained unchanged over multiple days and numerous measurements. 

A solution of 0.1 M acetic acid/sodium acetate buffer with 0.01 M 

[Fe(CN)6]4− (P3289, Sigma-Aldrich) and other with 0.01 M [Fe(CN)6]3− 

(26810, VWR) both at pH = 4.5, and a nonaqueous solution 0.1 M 

TBAPF6 (86874, Sigma-Aldrich) and 0.01 M p-benzoquinone (A13162, 

Thermo Scientific) in propylene carbonate (310328, Sigma-Aldrich) 

under dark conditions were used to verify the compactness of the TiO2 

and NiOx charge-selective layers, respectively. 

 

 

 



81 
 

6.3. Result and discussion 

6.3.1. Synthesis and structural characterisation of 

Ti/W-modified PCN-222 

In a first step, PCN-222(Zr/Ti) was obtained by a postsynthetic metal-

node exchange using a newly developed method, not previously reported 

for the incorporation of Ti into MOFs. It consists of employing TiCp2Cl2 

in DMF under controlled microwave heating to take advantage of 

microwave irradiation, achieving high incorporation efficiency while 

drastically reducing reaction times from several days, as typically 

reported in the literature, to only 30 min.198 The method relies on the high 

hydrolytic and thermal stability of PCN-222(Zr) and on the similar 

coordination chemistry of Zr(IV) and Ti(IV), enabling an efficient 

exchange of Zr by Ti without compromising the structural integrity of 

the material. Thus, this postsynthetic modification strategy also 

overcomes one of the main challenges associated with the direct 

synthesis of Ti-based MOFs, namely the severe hydrolysis of most Ti 

precursors and the poor reversibility of Ti-ligand coordination, which 

often prevents the formation of well-defined crystalline frameworks. 

Following Ti incorporation, the colour of the material changes from 

purple to brown (Figure 6.2a), a transformation attributed to 

perturbations in the electronic structure induced by metal substitution 

within the metal nodes, a phenomenon previously rationalised and 

proposed as a strategy for tuning the electronic structure in MOFs.182 

SEM reveals that the characteristic nanorod morphology of PCN-222 is 

largely preserved (Figure 6.2b), with an average lateral dimension of 

approximately 180 nm. Some changes in aspect ratio and surface texture 

are observed, likely as a consequence of the intense MW heating applied. 

In particular, the slightly roughened surface may indicate the formation 

of structural defects or the presence of localised Ti-rich domains at the 

particle surface. Reducing the MW heating temperature to 100 °C 

prevented such morphological alterations but also markedly decreased 

the Ti incorporation efficiency. Therefore, MW heating at 150 °C for 30 

min was selected as the optimal condition, maximising Ti incorporation 

while preserving acceptable morphological characteristics. 
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Figure 6.2. (a) Photographs of the as-prepared samples: PCN-222(Zr), 

PCN-222(Zr/Ti), and PCN-222(Zr/Ti/W) dispersed in methanol. (b) 

SEM images at different magnifications of pristine PCN-222(Zr) 

nanoparticles and after Ti/W modifications. (c) DLS size distribution by 

intensity of the as-prepared PCN-222 nanoparticles dispersed in 

methanol (for 3 independent measurements). 

 

In a second step, the well-defined mesoporosity of PCN-222 was 

exploited to encapsulate a Keggin-type polyoxometalate species (POM), 

specifically H3PW12O40, into the framework cavities via a 

straightforward impregnation method using, yielding the composite 

material denoted as PCN-222(Zr/Ti/W). Given the size mismatch 

between the 3.6 nm mesochannels of PCN-222 and the 1 nm Keggin 

anion, PTA incorporation is expected to only partially occupy the pore 

volume. The [PW12O40]3− clusters are strongly retained within the 

mesopores due to favorable electrostatic interactions with the positively 

charged Zr/Ti-oxo nodes and coordinated aquo/hydroxo ligands at the 
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metal clusters, as previously reported for other MOF systems, 

specifically NU-1000.199 SEM images of the resulting PCN-

222(Zr/Ti/W) nanoparticles reveal minimal morphological changes, with 

a slight variation in the aspect ratio of the nanorods, which appear more 

rounded. The colour changes to green observed after encapsulation of 

H3PW12O40 (Figure 6.2a) arise from the characteristic optical properties 

of the Keggin type polyoxometalate. When confined within the MOF 

structure, additional ligand-to-metal charge-transfer transitions, 

particularly from oxygen to tungsten (O → W) are induced, leading to 

enhanced absorption in the visible region and giving the material its 

distinctive green colour. This behaviour aligns with prior reports, where 

photochromic effects have been observed after incorporating a Keggin 

anion into UiO-66 and UiO-67 frameworks, attributed to charge-transfer 

effects and guest-induced band modulation.200,201 

The atomic composition of the modified PCN-222 materials was 

estimated by EDX (semiquantitative) (Table 6.1), supporting efficient 

incorporation of Ti and W into the structure. For PCN-222(Zr/Ti), the Ti 

content was 48% relative to the total (Zr + Ti) atomic fraction, indicating 

substantial Zr-to-Ti exchange within the clusters. Notably, the achieved 

Ti-incorporation value is considerably higher than that reported for Ti-

doped PCN-224 after 48 h of reaction, which reached only around 

36%.198 In the fully modified PCN-222(Zr/Ti/W) sample, the Ti content 

was 46% of the total metal content (Ti/Zr = 0.88), showing that the 

subsequent Keggin-type polyoxometalate [PW12O40]3− encapsulation did 

not displace the incorporated Ti. The W content corresponds to 0.6 PW12 

units per Zr6 node, which is close to the theoretical maximum expected 

for full occupation of the mesopores (based on geometric constraints and 

pore volume analysis of PCN-222). The high encapsulation level 

achieved here reflects both the strong electrostatic affinity between the 

anionic POM clusters and the cationic metal centres in the PCN 

framework, as well as the accessibility of the large mesoporous channels. 

Comparable high loadings have been reported for NU-1000-based 

systems, typically in the range of 0.6-0.8 PW12/Zr6 node.199,202 These 

compositional estimates are consistent with the structural (PXRD) and 

chemical-state (XPS) signatures discussed below, which support mixed 

Zr/Ti-oxo node formation and PTA incorporation.  
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Table 6.1. EDX analysis of the samples, showing the atomic percentage 

(at.%) of Zr, Ti, and W, the corresponding atomic ratios, and the 

calculated amounts per Zr6 cluster.  

Sample 
Zr 

(at.%) 

Ti  

(at.%) 

W  

(at.%) 

Ti/Zr 

ratio 

Ti  

per Zr6 

PW12 

per Zr6 

PCN-222(Zr) 100 - - - - - 

PCN-222(Zr/Ti) 51.9 48.1 - 0.927 5.54 - 

PCN-222(Zr/Ti/W) 32.4 28.6 38.9 0.883 5.30 0.6 

 

DLS analysis of the as-prepared nanoparticles dispersed in methanol 

reveals only slight changes in the hydrodynamic size after Ti- and W- 

modifications (Figure 6.2c and Table 6.2), consistent with the SEM 

observations. The moderate increase observed for PCN-222(Zr/Ti/W) 

may be attributed to slight particle aggregation induced by POM 

encapsulation. Importantly, the PDI values remain low after both PSM 

steps (PDI ≤ 0.1), indicating good particle uniformity and the absence of 

aggregation. Zeta-potential measurements show a slight increase in 

surface positive charge following Ti-incorporation (from +27.2 mV for 

PCN-222(Zr) to +34.6 mV for PCN-222(Zr/Ti), likely due to the 

formation of Ti-rich domains at the particle surface. The subsequent 

encapsulation of [PW12O40]3− species produces only a very minimal 

change in surface charge (Table 6.2), supporting the conclusion that 

these species are mainly confined within the internal mesopores rather 

than adsorbed onto the particle surface. Overall, PTA incorporation 

reduces the free pore volume, but the mesoporous channels remain 

sufficiently open to allow electrolyte access and ionic transport under the 

photoelectrochemical conditions used in this work.  
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Table 6.2. Hydrodynamic diameter Dh (mean value ± SD), as derived 

from intensity distributions, and ζ-potential (mean value ± SD) of the 

different PCN-222 dispersed in methanol (for DLS) and water (for ζ-

potential). Polydispersity index (PDI) is also given. 

Sample 
Dh  

(nm) 
PDI 

ζ-potential  

(mV) 

PCN-222(Zr) 138.5 ± 0.2 0.061 27.2 ± 0.3 

PCN-222(Zr/Ti) 149.5 ± 1.4 0.102 34.6 ± 0.3 

PCN-222(Zr/Ti/W) 160.9 ± 0.9 0.098 31.8 ± 0.9 

 

The PXRD pattern of pristine PCN-222 matches well with the simulated 

pattern (Figure 6.3a). After Ti-incorporation via metal-node exchange, 

the diffraction peak at 2θ ≈ 2.4°, assigned to the (100) crystallographic 

plane, exhibits a clear splitting. This effect suggests lattice distortion 

induced by the substitution of Zr(IV) by the smaller Ti(IV) ion, 

potentially lowering the framework symmetry or giving rise to 

coexisting structural domains. Similar PXRD peak splitting in MOFs has 

previously been attributed to symmetry reduction and framework 

distortion, as reported for the NTU-9 MOF.203,204 

The (200) reflection at 2θ−4.8° also shows splitting along with a marked 

decrease in intensity, which can be ascribed to increased microstrain, 

reduced crystallographic coherence, and/or compositional heterogeneity 

introduced in the PCN-222(Zr/Ti) sample. In contrast, the PXRD pattern 

of the PCN-222(Zr/Ti/W) reveals a notable increase in the intensity of 

the (211) and (201) reflections (at 2θ−6.65° and 7.06°, respectively). 

This enhancement arises from the extra electron density of [PW12O40]3− 

species confined within the mesopores, which increases the X-ray 

scattering contrast along specific crystallographic directions.202 In this 

case, the selective intensification of these reflections supports the 

successful and uniform encapsulation of the [PW12O40]3− guests while 

preserving the structural integrity of the host framework. 
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Figure 6.3. (a) PXRD patterns of the as-prepared nanoparticles, 

including the simulated pattern for PCN-222 (CCDC 893545), within the 

range of (a) 2θ = 1.7−29°, and (b) magnification of the 2θ = 3.5−14° 

region to more clearly visualise the changes. (c) Zr 3d XPS spectra of 

PCN-222(Zr) (top, blue) and PCN-222(Zr/Ti) (bottom, red). (d) 

Comparison of Zr 3d XPS spectra of PCN-222(Zr) (top, purple), PCN-

222(Zr/Ti) (middle, blue) and PCN-222(Zr/Ti/W) (bottom, red). (e) 

Comparison of Ti 2p XPS spectra of PCN-222(Zr/Ti) (top, blue) and 

PCN-222(Zr/Ti/W) (bottom, red). 

 

XPS analysis were carried out to investigate the surface composition and 

chemical states of the as-prepared nanoparticles. Figure 6.4a displays 

the high-resolution spectra of the Zr 3d, O 1s, and C 1s regions for PCN-

222(Zr) nanoparticles. The Zr 3d spectrum exhibits two peaks at BE of 

183.08 and 185.51 eV, with a spin-orbit splitting (SOS) of 2.43 eV, 

corresponding to Zr 3d5/2 and Zr 3d3/2, respectively. These values are 

characteristic of Zr(IV) cations within Zr6 clusters commonly observed 
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in this class of MOFs.205,206 The O 1s spectrum was deconvoluted into 

three components located at 531.15, 532.10, and 533.61 eV, assigned to 

Zr−O−Zr, Zr−O−C, and Zr−OH environments, respectively, with the 

central peak being the dominant contribution.207 The C 1s region was 

well fitted with four components at 284.77, 285.49, 288.82, and 292.67 

eV, attributed to C=C (aromatic), C−O, O−C=O, and a shakeup satellite 

feature, respectively.45 The N 1s signal appears as a broad feature centred 

at 399.95 eV, consistent with the porphyrinic nitrogen environment 

(Figure 6.4c). 

The successful incorporation of Ti into PCN-222(Zr/Ti) is confirmed by 

the Ti 2p doublet (Figures 6.3e and 6.4b) at 458.77 eV (Ti 2p3/2) and 

464.31 eV (Ti 2p1/2). The observed SOS of 5.54 eV, along with the BE 

positions and full width at half maximum (FWHM) values, is consistent 

with the Ti(IV) oxidation state, as expected for materials prepared under 

ambient conditions. The Zr 3d signal shows peaks at 182.69 eV (Zr 3d5/2) 

and 185.12 eV (Zr 3d3/2) BE. Notably, a negative shift in binding energy 

(ΔBE = −0.39 eV) was observed, compared to PCN-222(Zr), Figure 

6.3c. This shift reflects a modified local electronic environment at the Zr 

centres upon Ti incorporation, consistent with a reduced electron-

withdrawing character within the Zr6 clusters when Ti(IV) is introduced, 

leading to the formation of mixed Zr/Ti-oxo nodes.205,207,208 In the O 1s 

region, two main components at 532.31 and 530.38 eV are resolved and 

assigned to Zr−O and Ti−O bonds, respectively, further supporting the 

formation of mixed-metal oxo nodes. The N 1s signal remains essentially 

unchanged (400.05 eV), indicating that the chemical environment of the 

porphyrinic nitrogen atoms is unaffected by Ti incorporation (Figure 

6.4c). These findings indicate that Ti atoms are not coordinated to the 

porphyrinic macrocycle linkers but are instead incorporated into the 

inorganic nodes, resulting in mixed Ti−Zr clusters.209 Notably, these XPS 

signatures correlate with the structural distortions inferred from PXRD 

(shown in Figure 6.3a), where the splitting of the (100) reflection at 

2θ−2.4° and the concomitant changes at the (200) reflection (2θ−4.8°) 

point to symmetry lowering and microstrain in the framework. The 

chemical shift of Zr 3d toward lower BE and the emergence of a distinct 

Ti−O contribution in O 1s are fully consistent with such lattice 

perturbations and with the coexistence of Zr-rich and Ti-perturbed local 
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environments at the nodes, an electronic/structural heterogeneity that 

rationalises the PXRD peak splitting previously discussed for PCN-

222(Zr/Ti). 

Figure 6.4. (a) Zr 3d, O 1s and C 1s XPS spectra for PCN-222(Zr) 

sample. (b) (c) Zr 3d, Ti 2p and O 1s XPS spectra for PCN-222(Zr/Ti) 

sample. (c) Comparison N 1s region XPS spectra of PCN-222(Zr) (top), 

and PCN-222(Zr/Ti) (bottom). (d) Zr 3d, Ti 2p and W 4f XPS spectra for 

PCN-222(Zr/Ti/W) sample. 
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For the PCN-222(Zr/Ti/W) sample, the survey spectrum confirmed the 

presence of P and W elements along with Zr, Ti, O, N, and C. The high-

resolution W 4f spectrum (Figure 6.4d) exhibits two peaks at 35.90 and 

38.08 eV BE, assigned to W 4f7/2 and W 4f5/2, with a SOS of 2.18 eV, 

consistent with the W(VI) oxidation state of encapsulated H3PW12O40 

species.210 

The Zr 3d region spectrum (Figure 6.3d) shows two peaks at 183.02 and 

185.45 eV BE, corresponding to the Zr 3d5/2 and Zr 3d3/2 photoemission. 

These values are slightly higher than those recorded for PCN-222(Zr/Ti), 

likely due to the strong electron-withdrawing effect of the PTA moieties, 

which reduce the electron density around the Zr centres. Similarly, the Ti 

2p peaks shifted to higher binding energies (459.17 and 464.71 eV), 

reflecting the same effect (Figure 2e). Finally, the O 1s spectrum displays 

two components at 532.55 eV (Zr−O) and 530.93 eV (Ti−O), while the 

N 1s peak remained almost unchanged at 400.60 eV (400.42 eV in PCN-

222(Zr/Ti/W)), indicating preservation of the porphyrinic fragment. 

These electronic shifts observed by XPS correlate with PXRD 

observations. The increased intensity of the (111) and (201) reflections 

in PCN-222(Zr/Ti/W) (Figure 6.3a) is consistent with the higher 

electron density introduced by [PW12O40]3− encapsulation. Together, the 

data confirm strong interaction of the POM with the metal-oxo nodes, 

which perturbs the electronic structure while preserving the crystallinity 

of the framework. 

Based on these characterisation results, from this chapter can be 

concluded that the proposed stepwise PSM approach, taking full 

advantage of the structural robustness, chemical tunability, and 

hierarchical porosity of PCN-222, enables dual-site functionalisation at 

both the metal nodes and the mesopores, thereby creating 

multicomponent hybrid MOF materials. 
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6.3.2. Characterisation of the photoelectrodes 

containing the active Ti/W-modified PCN-222 

The deposition process of the Ti/W-modified PCN-222 materials onto 

FTO substrates as well as FTO covered with the charge-selective 

interfacial layers, FTO/TiO2 and FTO/NiOx, was optimised for the 

fabrication of reproducible photoelectrodes. SEM images of PCN-

222(Zr) spin-coated film on FTO are shown in Figure 6.5a (top-view) 

and Figure 6.5b (cross-section), revealing a homogeneous layer with 

complete coverage of the FTO substrate, and an average thickness of 1.1 

μm. Similar results were obtained for PCN-222(Zr/Ti) and PCN-

222(Zr/Ti/W). EDX analysis confirms a uniform distribution of the 

elements comprising PCN-222 (i.e., O, C, and Zr), as well as the 

presence of Ti and W in the samples where these metals were 

incorporated into the PCN-222 particles (see Figures 6.6, 6.7 and 6.8).  

The intensity of this peak decreases upon incorporation of Ti, and further 

with Ti/W. It should be noted that the absolute peak intensities in these 

GAXRD patterns (thin films on FTO, at an incidence angle of 2°) are not 

directly comparable to the powder PXRD patterns in Figure 6.3a, 

because they are strongly influenced by the effective diffracting volume 

(film thickness/areal mass), preferred orientation, surface roughness, and 

the background/scattering contribution from the FTO substrate, 

particularly at low angles. Therefore, the lower (100) peak height 

observed for FTO/PCN-222(Zr/Ti/W) reflects the combined effects of 

thin-film measurement conditions and peak broadening/microstrain 

upon Ti/W modification, rather than a loss of the PCN-222 structure. The 

remaining peaks at 26.5°, 33.8°, 37.9°, and 51.7° are attributed to the 

FTO substrate (COD 1534785). In the case of FTO/TiO2 and FTO/NiOx, 

the layers were too thin to yield reliable XRD data or accurate thickness 

measurements; however, this did not affect the optical properties of the 

film.  

 

 

 



91 
 

 

Figure 6.5. (a) SEM top-view image, and (b) cross-section image of 

FTO/PCN-222(Zr) photoelectrode. (c) GAXRD diffractograms of spin-

coated PCN-222 on FTO and simulated patterns for comparison (FTO: 

COD 1534785 and PCN-222: CCDC 893545). (d) LHE spectra (lines) of 

FTO/PCN-222 and illumination spectra (dashed lines) of each LED used 

in photoelectrochemical measurements. 
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Figure 6.6. EDX mapping of PCN-222(Zr) layer deposited by spin 

coating on FTO. 

 

Figure 6.7. EDX mapping of PCN-222(Zr/Ti) layer deposited by spin 

coating on FTO. 
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Figures 6.9 and 6.10 reveal that Ti and Ni are the only detected elements, 

apart from O, in the FTO/TiO2 and FTO/NiOx thin layers, respectively, 

along with Sn from the FTO substrate. Figure 6.5c displays the GAXRD 

patterns of the PCN-222 electrode, showing the characteristic peak at 

2θ−2.4° corresponding to the (100) plane of PCN-222 (CCDC 893545). 

 

Figure 6.8. EDX mapping of PCN-222(Zr/Ti/W) layer deposited by spin 

coating on FTO. 
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Figure 6.9. EDX mapping of the TiO2 layer deposited by spray pyrolysis 

on FTO. 

 

Figure 6.10. EDX mapping of the NiOx layer deposited by spray 

pyrolysis on FTO. 
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Figure 6.11 shows the absorbance spectra of both dispersed and FTO-

deposited PCN-222 samples. In dispersion (Figure 6.11a), the 

characteristic Soret band appears at 412 nm, along with the four Q-bands 

at 510, 545, 585, and 640 nm.211,212 Upon deposition on FTO (Figure 

6.11b-e), a red-shift is observed, 7 nm for PCN-222(Zr), 21 nm for PCN-

222(Zr/Ti), and 34 nm for PCN-222(Zr/Ti/W), accompanied by a peak 

broadening, as evidenced by a 20 nm increase in the FWHM. These 

spectral changes can be attributed to several factors: first, the red-shift 

may arise from π-π interactions between neighbouring PCN-222 self-

assembled during film formation, which leads to excitonic coupling and 

lowers the energy of the electronic transitions. Second, changes in the 

coordination environment of the PCN-222 once deposited or changes in 

the local dielectric environment at the PCN/FTO interface can influence 

the energy and width of the Soret band. Notably, this red-shift is 

significantly more pronounced for the Ti- and Ti/W-modified samples; 

however, the corresponding FWHM values remain comparable across all 

samples. This observation suggests that dielectric effects at the 

PCN/FTO interface, rather than particle assemblies, are the dominant 

factor governing the magnitude of the observed spectral shifts. In the 

case of the dispersed PCN-222(Zr/Ti/ W), two peaks are observed in the 

Soret band region; the first corresponds to the Soret absorption of the 

porphyrin units from well-dispersed MOF particles, while the second 

arises from the characteristic absorption of the encapsulated H3PW12O40 

species within the mesopores. Note that H3PW12O40 in aqueous solution 

displays two absorption bands centred at 355 and 480 nm.213 
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Figure 6.11. Absorbance spectra of (a) dispersed PCN-222 with a 

concentration of 0.03 mg mL−1 in methanol, and (b) FTO/PCN-222 

electrode. Comparison between dispersed (light colour) and deposited on 

FTO (dark colour) of (c) PCN-222(Zr), (d) PCN-222(Zr/Ti), and (e) 

PCN-222(Zr/Ti/W). 
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As a result of the red-shift of the optical transitions observed for the Ti- 

and Ti/W-modified samples relative to pristine PCN-222(Zr), a slight 

reduction in the bandgap energy occurs. For PCN-222(Zr), (Zr/Ti), and 

(Zr/Ti/W), the estimated optical bandgaps in dispersion were 1.89, 1.89, 

and 1.82 eV, respectively. After film formation, independent of whether 

the indirect (Figure 6.12) or direct (Figure 6.13) Tauc plot analysis was 

applied, the estimated bandgap decreased to 1.75 eV for all 

photoelectrodes due to interparticle interactions, light scattering, and 

morphological effects in films. These values were estimated using both 

the Tauc plot analysis (from the absorbance spectra in Figure 6.11) and 

Kubelka-Munk analysis (from the DRS in Figure 6.14).64,69,70,131,214,215 

Figure 6.5d shows the LHE values (obtained from Figure 6.14) of the 

FTO/PCN-222 photoelectrodes and the illumination spectra of the 

monochromatic LEDs used for photoelectrochemical measurements. 

 

Figure 6.12. Indirect bandgap estimation of (a) dispersed PCN-222 with 

a concentration of 0.03 mg mL-1 in methanol and (b,c) spin-coated on 

FTO, using different estimation methods as (a,b) Tauc plot from 

absorbance spectroscopy and (c) Kubelka-Munk analysis from DRS. 
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Figure 6.13. Direct bandgap estimation of (a) dispersed PCN-222 with 

a concentration of 0.03 mg mL−1 in methanol and (b,c) spin-coated on 

FTO, using different estimation methods as (a,b) Tauc plot from 

absorbance spectroscopy and (c) Kubelka-Munk analysis from DRS. 

 

Figure 6.14. DRS of FTO/PCN-222(Zr), FTO/PCN-222(Zr/Ti), and 

FTO/PCN-222(Zr/Ti/W), electrodes measured using an integration 

sphere. 
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6.3.3. Tailoring the photoelectrochemical activity in 

PCN-222-based electrodes 

Figure 6.15 illustrates LSV curves for FTO/PCN-222(Zr), FTO/PCN-

222(Zr/Ti), and FTO/PCN-222(Zr/Ti/W) photoelectrodes compared with 

bare-FTO in 0.1 M acetate buffer as electrolyte at a scan rate of 20 mV 

s−1 with chopped front side illumination using different monochromatic 

LED wavelengths: UV (λ = 400 nm), blue (λ = 455 nm), green (λ = 535 

nm) and red (λ = 670 nm) at the same photon flux of 1.6 × 1016 cm−2 s−1. 

The FTO/PCN-222(Zr) film acts as a photocathode, generating cathodic 

(negative) photocurrent with an onset potential of 0.45 V vs RHE. Under 

illumination, photogenerated electrons are transferred to the electrolyte, 

where two electrons participate in the reduction of water to hydrogen, as 

described by the water reduction half-reaction Eq. (6.1a). The 

photocurrent measured in the external circuit corresponds to the flux of 

photoelectrons to the solution, and photoholes to the FTO contact; the 

circuit is closed by the corresponding oxidation reaction at the counter 

electrode.  

Upon incorporation of Ti and Ti/W into the PCN-222(Zr) structure, the 

photoelectrochemical behaviour changes significantly. The FTO/PCN-

222(Zr/Ti) and FTO/PCN-222(Zr/Ti/W) photoelectrodes exhibit anodic 

(positive) photocurrent generation as photoanodes with onset potential at 

0.70 and 0.80 V vs RHE, respectively. In this case, photogenerated holes 

are transferred to the electrolyte, driving the oxidation of water ideally 

to produce molecular oxygen, as described by the water oxidation half-

reaction in Eq. (6.1b). In this case, the measured photocurrent 

corresponds to the net flux of photogenerated electrons to the FTO, and 

the flux of photoholes to the solution.64 

 

2H2O(l) + 2e−→ 2OH(aq) 
− + H2(g) (6.1a) 

2H2O(l) + 4h
+
→ 4H(aq) 

− + O2(g) (6.1b) 
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Figure 6.15. LSV curves with chopped front-side LED illumination 

under (a-c) λLED = 400 nm (UV), (d-f) λLED = 455 nm (blue), (g-i) λLED = 

535 nm (green), and (j-l) λLED = 670 nm (red) at the same photon flux of 

1.6 × 1016 cm−2 s−1 in 0.1 M acetate buffer as electrolyte with a scan rate 

of 20 mV s−1 for (a,d,g,j) FTO/PCN-222(Zr), (b,e,h,k) FTO/PCN-

222(Zr/Ti), and (c,f,i,l) FTO/PCN-222(Zr/Ti/W). The scan direction was 

from negative to positive potentials, and the potentials where the light 

was switched on and switched off, respectively, are indicated. 

 

All absorption bands of the measured porphyrin-based MOFs, including 

the Soret band (λmax = 412 nm) and the four Q-bands (λmax = 510-640 

nm), are photoelectrochemically active, as evidenced by the photocurrent 

generation upon illumination at the respective wavelengths. The highest 
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photocurrent response is obtained under LED illumination 

corresponding to the Soret band, highlighting its dominant contribution 

to the overall photoresponse. In contrast, under green and red LED 

illumination, the FTO/PCN-222(Zr/Ti) electrode exhibits a noisy signal 

and negligible photocurrent, which may be attributed to limited charge 

separation efficiency at these wavelengths. 

The FTO/PCN-222(Zr/Ti/W) photoelectrodes (Figure 6.15c,f,i,l) appear 

to behave similarly to WO3 semiconductor electrodes, exhibiting a broad 

anodic feature centred at about 0.8 V vs RHE.50,216 The reoxidation 

potential, however, is markedly more positive than reported for WO3, 

where W4+ and W5+ centres were reoxidised at 0.18 and 0.38 V vs RHE, 

respectively. The positive shift, and the broader and less-defined peak, 

can be attributed to the unique properties of the modified PCN-

222(Zr/Ti/W) composite material, resulting in an increase of the 

overpotential required to fully convert tungsten to W6+. This may be 

related to changes in local coordination and electronic structure 

associated with Ti/W incorporation within PCN-222(Zr/Ti/W), which is 

supported by XPS. 

Figure 6.16 presents the J-E curves of FTO electrodes covered with thin 

oxide layers deposited by spray pyrolysis. The FTO/TiO2 electrodes were 

measured in a redox solution consisting of 0.01 M K4Fe(CN)6 (Figure 

6.16a) and 0.01 M K3Fe(CN)6 (Figure 6.16b) in the 0.1 M acetate buffer. 

The FTO/NiOx electrodes were evaluated in a non-aqueous solution of 

0.01 M p-benzoquinone in propylene carbonate with 0.1 M TBAPF6 as 

inert electrolyte (Figure 6.16c). The absence of redox peaks for both 

FTO/TiO2 and FTO/NiOx, thin films, in contrast to the results for bare 

FTO, indicates the compactness of both layers, preventing oxidation or 

reduction of the redox couple at uncovered FTO, thus confirming their 

role as compact blocking layers. 

More importantly, beyond their blocking behaviour, these thin oxide 

interlayers also serve as selective contacts that enhance the charge 

separation efficiency and lower recombination losses. TiO2 and NiOx 

were selected due to their well-established use as charge-selective 

interfaces, particularly in hybrid perovskite solar cells, and their 

chemical stability and good compatibility with FTO substrates. TiO2 is 
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an n-type semiconductor that may act as an electron transport layer, 

selectively extracting photogenerated electrons and blocking holes. 

Conversely, NiOx is a p-type semiconductor that may function as a hole 

transport layer, enabling photogenerated hole extraction while 

suppressing electron transfer to FTO.108–113 

 

Figure 6.16. J-E curves under dark conditions at scan rate of 20 mV s−1 

of thin films (a) FTO/TiO2 with 0.1 M acetate buffer with 0.01 M 

[Fe(CN)6]4− and (b) FTO/TiO2 with 0.1 M acetate buffer with 0.01 M 

[Fe(CN)6]3− both at pH = 4.5 as electrolytes, and (c) FTO/NiOx with non-

aqueous solution of 0.1 M propylene carbonate with 0.1 M TBAPF6 with 

0.01 M p-benzoquinone as electrolyte. Both films deposited by spray 

pyrolysis on FTO and compared with bare-FTO. 
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Figure 6.17 shows the LSV curves for PCN-222(Zr), PCN-222(Zr/Ti), 

and PCN-222(Zr/Ti/W) films spin-coated on FTO, FTO/TiO2, and 

FTO/NiOx, employed as electron- or hole-selective interlayers, 

respectively. Measurements were carried out in aqueous 0.1 M acetate 

buffer at a scan rate of 20 mV s−1 with chopped 1 sun AM1.5 G 

illumination. A significant increase in photocurrent is observed in all 

cases, which can be attributed to enhanced charge separation efficiency 

and suppressed recombination due to the interfacial charge selectivity 

provided by the ETL (TiO2) and HTL (NiOx) layers.108–113 

 

Figure 6.17. LSV curves with chopped front-side 1 sun AM 1.5G 

illumination in 0.1 M acetate buffer as electrolyte with a scan rate of 20 

mV s−1 for (a,d,g) PCN-222(Zr), (b,e,h) PCN-222(Zr/Ti), and (c,f,i) 

PCN-222(Zr/Ti/W) spin-coated on (a,b,c) FTO, (d,e,f) FTO/TiO2, and 

(g,h,i) FTO/NiOx as different selective layers. The scan direction was 

from negative to positive potentials, and the potentials where the light 

was switched on and switched off, respectively, are indicated. 

 



104 
 

When TiO2 is used as the ETL, photocurrent enhancements of 5-, 10- and 

6-fold are observed for PCN-222(Zr), PCN-222(Zr/Ti) and PCN-

222(Zr/Ti/W), respectively. In the case of NiOx as the HTL, 

improvements of 7-, 4- and 3-fold are observed, respectively. Hence, the 

PCN-222 system demonstrates the interesting property of tunable 

photoelectrochemical polarity, acting either as a photoanode or a 

photocathode depending on the interfacial layer. This corresponds to 

either transferring electrons to FTO/TiO2 or holes to FTO/NiOx related 

to the charge-extraction selectivity of the interlayer. 

Notably, encapsulation of H3PW12O40 within the PCN-222(Zr/Ti) 

framework further enhances the photocurrent by a factor of 2-5 

(depending on the wavelength of illumination) when deposited on FTO. 

When deposited on FTO/TiO2 or FTO/NiOx, this enhancement is more 

modest (about 1.5-fold). The enhancement may be attributed to the 

presence of W centres, which may alter interfacial charge dynamics by 

introducing surface states or contributing to electrocatalytic activity. The 

electrocatalytic activity corresponds to improved charge transfer kinetics 

to the solution resulting in reduced recombination losses.217–219 

Concomitantly, due to the effect of W-modification, the incorporation of 

the charge-selective interlayers results in a less-pronounced relative 

improvement. 

Figure 6.18 schematically illustrates the characteristic shapes of the 

photocurrent transients shown in Figure 6.17, which are applicable to 

both photoanode and photocathode behaviours, but with opposite 

photocurrent polarities. The initial photocurrent spike observed upon 

illumination corresponds to the fast separation of photogenerated 

electron-hole pairs. For a photocathode, electrons are driven toward the 

electrolyte interface, while holes are collected in the external circuit. In 

the case of FTO/PCN-222(Zr), the photocurrent under illumination 

reaches a steady-state condition without significant losses, resulting in a 

rectangular-shaped transient. This shape is characteristic for the situation 

where recombination does not occur on the time scale of the 

measurement (see Figure 6.18a). 

A similar transient behaviour is observed for FTO/TiO2/PCN-222 at 

applied potentials more positive than 0.5 V vs RHE. However, in this 
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case, as the steady-state hole photocurrent increases with potential, the 

rectangular shape becomes deformed (see Figure 6.18b).  

 

Figure 6.18. Schematic of the origin of transient photocurrent responses 

under chopped illumination, along with the representative experimental 
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behaviours. (a) Electron (for photocathode) photocurrent without surface 

recombination, (b) hole (for photoanode) photocurrent increasing the 

applied potential, (c) surface electron-hole recombination due to 

accumulation of hole (for photoanode) at the surface, inducing band edge 

unpinning, (d) surface trapped electron (for photocathode). This 

schematic is valid for both photoanode and photocathode behaviours 

with opposite photocurrent signals (positive photocurrent for photoanode 

and negative photocurrent for photocathode). 

 

For FTO/NiOx/PCN-222 and FTO/PCN-222(Zr/Ti/W), a slow increase 

in photocurrent is observed upon illumination until steady-state is 

reached, followed by a slow decay after switching off the light. This 

behaviour is indicative of electron trapping during illumination. When 

the light is switched on, photogenerated electrons first fill trap states 

within the material before a measurable current appears. The density of 

such traps, which often depends on the applied potential and light 

intensity, can be estimated from the “missing” current and the time 

required to reach steady-state conditions. Upon light off, the gradual 

release of trapped charges occurs as the Fermi level slowly returns to 

equilibrium (see Figure 6.18c).  

For PCN-222(Zr/Ti), and especially for FTO/TiO2/PCN-222 at low 

applied potential, a photocurrent peak and subsequent decay is observed 

before reaching steady-state conditions, followed by an overshoot of the 

same intensity but opposite sign upon switching the light off. This 

transient behaviour can be attributed to the accumulation of 

photogenerated holes at or near the electrolyte interface, which promotes 

interfacial recombination, resulting in a decrease in the net photocurrent. 

However, if the overshoot upon light-off is absent or differs in magnitude 

compared to the light-on, it may indicate that accumulation of holes at 

the interface alters the potential distribution at the electrolyte junction, 

as observed at more positive potentials (see Figure 6.18d).96,99,101,136–

140,187 Note that these current vs potential measurements are not suitable 

for the determination of recombination kinetics, which can be obtained 

from current vs time transients or EIS or IMPS. 
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6.3.4. Band alignment and mechanistic 

interpretation of photocurrent directionality 

Figure 6.19 presents a schematic illustration of the charge carrier 

dynamics under illumination for the different electrode configurations, 

along with the corresponding band alignments relative to the water redox 

potentials. The diagrams illustrate the processes of photogeneration, 

charge separation, and transport of photogenerated electrons and holes at 

the electrode/electrolyte interface. In all configurations, PCN-222 serves 

as the principal photoactive layer, while TiO2 and NiOx, although capable 

of absorbing light in the UV region and generating photocurrent (as 

shown in Figure 6.17d-i), mainly function as ETL and HTL, 

respectively. 

In the FTO/PCN-222 configuration (Figure 6.19a), photoinduced 

electron-hole pairs are generated within the PCN-222 material, with FTO 

acting as a non-selective contact. Depending on the specific PCN-

material deposited on the FTO, the electrode behaves either as a 

photocathode (when using pristine PCN-222(Zr)) or as a photoanode 

(when using PCN-222(Zr/Ti) and PCN-222(Zr/Ti/W)), promoting water 

reduction or oxidation, respectively. 

Applying the postsynthetic metal node exchange method reported here 

to produce Ti- and W-modified PCN-222(Zr) materials significantly 

alters the electronic and optical properties of the pristine framework. The 

incorporation of Ti leading to mixed Zr/Ti-oxo nodes, the formation of 

Ti-rich surface domains as discussed above, and the encapsulation of 

H3PW12O40 within the mesopores all contribute to an increased local 

electron density within the framework. These modifications influence 

the band structure through changes in the coordination environment of 

the metal ions, as supported by XPS, and may introduce new surface 

states, thereby affecting the optical transitions and charge carrier 

dynamics. Optical characterisation reveals a bandgap narrowing upon Ti 

and W-modification, likely due to shifts in the conduction or valence 

band edge. Given that the band edge positions in PCN-222(Zr) are close 

to the redox potentials of water (Figure 6.19a), even slight shifts induced 

by Ti-/W-modification can alter the alignment with respect to the water 

oxidation or reduction levels. This alignment is critical in determining 



108 
 

the thermodynamic favourability of the redox processes and, 

consequently, the direction of photoinduced charge transfer.180,219,220 

Indeed, the negative shift of Zr 3d binding energy upon Ti incorporation, 

together with the positive shifts of both Zr and Ti signals after POM 

encapsulation (indicated by XPS), highlight the electronic perturbations 

at the metal-oxo clusters, which correlate with the polarity switching and 

photocurrent enhancement observed in the photoelectrochemical 

experiments. It should be noted that the band alignment is expected to 

depend on the surface chemistry of both the ETL/HTL and the PCN-222 

materials, which in turn depends on the applied potential and 

illumination conditions; hence, at this point, it has not been able to 

determine band edge positions under working conditions, but rather 

focus on the charge extraction characteristics.  

An additional explanation for the change in photocurrent polarity may 

involve the electrocatalytic role of the incorporated Ti and W species. Ti 

and W are known as photoanodic materials for water oxidation, and their 

presence at the PCN-222/electrolyte interface may generate catalytically 

active sites or induce surface states that lower the kinetic barrier for hole 

transfer. This change in the semiconductor/electrolyte interface 

selectivity ultimately determines the direction of the photocurrent flow. 

In the FTO/TiO2/PCN-222 system (Figure 6.19b), the TiO2 layer 

improves charge separation by efficiently extracting photogenerated 

electrons from PCN-222 and transporting them toward the FTO back 

contact. This reduces charge recombination and promotes hole transfer 

to the electrolyte, thereby favouring oxidation reactions. Notably, this 

strategy is effective even for PCN-222(Zr) which, when deposited 

directly on FTO, operates as a photocathode. Conversely, in the 

FTO/NiOx/PCN-222 configuration (Figure 6.19c), the NiOx layer 

selectively extracts photogenerated holes from the PCN-222 photoactive 

layer, transporting them toward the FTO substrate. This facilitates 

electron transfer from PCN-222 to the electrolyte, thus promoting 

reduction reactions. As a result, this architecture reinforces the 

photocathodic response not only for PCN-222(Zr) but also for PCN-

222(Zr/Ti) and PCN-222(Zr/Ti/W), regardless of their intrinsic 

photoelectrochemical behaviour when deposited on bare FTO. 
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Hence, these results indicate that the overall photoelectrochemical 

behaviour is governed not by the doping density and dopant properties 

of the PCN-222 material, which behaves as an intrinsic semiconductor, 

but rather by the selectivity of the contact with the external circuit. While 

differences in oxidation and reduction kinetics at the electrolyte interface 

could, in principle, affect the direction of current flow, our findings 

clearly show that the nature of the contact at the FTO substrate plays a 

dominant role in determining the photoelectrochemical properties and 

the photoresponse polarity. 

 

Figure 6.19. Schematic representation of charge carriers dynamics under 

illumination and in contact with an electrolyte for (a) FTO/PCN-222, (b) 

FTO/TiO2/PCN-222 acting as a photoanode, and (c) FTO/NiOx/PCN-

222 acting as a photocathode. FTO acts as a non-selective contact, while 

TiO2 and NiOx function as ETL and HTL, respectively. 
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In addition, the incorporation of Ti- and W- within the PCN-222(Zr) 

structure may further modulate this behaviour through their potential 

electrocatalytic activity. In particular, the phosphotungstate material 

incorporated in the mesopores exhibits redox reactions involving W4+ 

and/or W5+ centres, and upon applying a more positive potential, the 

reoxidised POM improves hole extraction, thus imposing selectivity at 

the electrolyte interface and reducing the impact of the oxide interlayer. 

The ability to switch the photoelectrode response from photocathodic to 

photoanodic (or vice versa) enables the same MOF-based materials to be 

selectively operated under either reductive or oxidative conditions. This 

polarity control is particularly relevant for photoelectrochemical systems 

where the target reaction depends on the dominant charge carrier, 

allowing the electrode function to be adapted through interfacial 

engineering rather than material replacement. 

 

6.4. Conclusions 

This chapter demonstrates a stepwise strategy to modulate the 

photoelectrochemical properties of the mesoporous PCN-222 through a 

combination of metal-node substitution and pore encapsulation, 

followed by integration into functional photoelectrodes with charge-

selective extraction layers. Ti was successfully incorporated into the 

framework via postsynthetic metal node exchange, preserving the 

crystallinity and nanorod morphology, while introducing lattice 

distortion and band structure modification. Subsequent encapsulation of 

the polyoxometalate H3PW12O40 within the PCN mesopores further 

altered the optical properties and enhanced photocurrent generation. 

These chemical modifications collectively shifted the photoelectrode 

behaviour from photocathodic to photoanodic under visible light 

illumination, attributed to changes in band edge positions and 

electrocatalytic contributions. Moreover, the directionality of the 

photocurrent was found to be strongly dependent on the nature of the 

interfacial layer (TiO2 or NiOx), overriding the intrinsic semiconductor 

character of the PCN-222 and enabling tunable photoelectrode 

architectures. This polarity control highlights the potential of PCN-222-

based electrodes for versatile photoelectrochemical configurations, 
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where charge directionality can be tailored to match specific reaction 

environments. These findings provide valuable insights into the design 

of multicomponent MOF-based systems with tailored optoelectronic 

properties and open new avenues for their application in 

photoelectrochemical devices. 

This chapter has shown that chemical modification and charge selective 

contacts can be used to control charge extraction and photocurrent 

directionality in a hybrid MOF-based system. The following chapter 

moves to a more conventional metal oxide photoanode, WO3, to examine 

a complementary aspect of charge carrier dynamics: the influence of 

morphology on charge transport, recombination, and surface reactivity. 

By comparing WO3 nanoparticles and nanofibres under photocatalytic 

and photoelectrochemical conditions, the next chapter evaluates whether 

the increased surface area typically associated with nanostructuring is 

sufficient to improve water oxidation performance, or whether it also 

introduces additional limitations for charge collection. 
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Chapter 7 

 

Comparing the performance of 

WO3 nanoparticles and 

nanofibres: photocatalytic dye 

degradation versus 

photoelectrochemical water 

oxidation 

 

Summary 

Nanostructured WO3 is a widely studied, attractive material for 

photocatalysis applications, ranging from degradation of organic 

contaminants to water photooxidation, related to its relatively small 

bandgap, good stability, and adequate charge transport and charge 

transfer efficiencies. In catalysis, a large surface-to-volume ratio 

generally improves activity; however, this is not always the case for 

photoelectrochemical systems. This chapter compares the photocatalytic 

and photoelectrochemical performance of commercial WO3 

nanoparticles with that of WO3 nanofibres prepared by centrifugal 

spinning. The photocatalytic dye degradation kinetics are faster for the 
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nanofibres, related to their larger specific surface area. On the other hand, 

the photoelectrochemical performance is essentially the same for both 

materials. This fundamental difference in performance is demonstrated 

to be due to the influence of trap-limited electron transport on the 

collection efficiency of photoelectrons, required for the observation of 

photocurrent in the external circuit, whereas photocatalysis is more 

surface-driven. The contents of this chapter have been published in 

Electrochimica Acta.50 

 

7.1. Introduction 

Stable semiconductor nanomaterials consisting of abundant and 

inexpensive elements form an attractive family of materials suitable for 

photocatalysis-based technologies, ranging from remediation of 

contaminated water to the generation of green hydrogen from water as a 

clean fuel and feedstock for the chemical industry.45,221–223 Metal oxides 

are particularly interesting for these applications owing to their inherent 

stability to further oxidation, although a disadvantage is that the band 

gap is generally too large to absorb a significant part of the solar 

spectrum. WO3 is a widely studied material for photoelectrochemical 

applications due to its relatively low band gap of 2.5–2.8 eV, allowing 

the absorption of up to 12 % of the solar spectrum, a decent hole diffusion 

length of around 150 nm, and electron mobility of about 12 cm2 V–1 s–1, 

which is better than for many other materials.221–223 Several 

morphologies such as nanorods45, nanopyramids46, nanoflakes224, and 

nanoflowers47 have been examined for a variety of photo-processes. 

Other improvement strategies have also been explored, such as the 

creation of oxygen vacancies225–228, dopant insertion229,230, 

heterojunctions with several semiconductors231–237, WO3-based 

compounds195,238–241, or the use of rapid thermal annealing to improve 

crystallinity.242–244 WO3 may also be an interesting alternative as an 

electron transporting layer in the third-generation solar cell 

applications.245 In addition, several reports focusing on the stability and 

electronic characteristics of WO3 in dye-sensitized246 and perovskite 

solar cells247 have recently been published. Although much progress has 
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been made in the development of this material, the maximum theoretical 

performance has not yet been achieved.  

The suitability of a nanomaterial or system design depends on the 

process, for example, for the photocatalytic degradation of organic 

contaminants, such as dyes, a dispersion of nanoparticles can be used. In 

this case, the photogenerated electron-hole pair is separated within the 

particle, and the charge carriers are transferred to the solution (at suitable 

electrocatalysts, if necessary). The reaction with oxygen, hydroxyl 

groups and water produce reactive oxygen species (ROS), such as 

superoxide radical anions (⋅O2
−) and hydroxyl radicals (⋅OH), which are 

responsible for the degradation of pollutants in water.245,246 On the other 

hand, for systems where half-reactions are used in an electrochemical 

cell, a film deposited on a conducting substrate is the preferred design. 

The electron-hole pair is separated within the film, with one carrier 

transferred to the solution and the other collected in the external circuit 

and directed to a counter electrode, where it reacts, and closes the 

electrical circuit. Depending on the applied potential, the 

WO3/electrolyte interface is characterised by a range of surface states 

with different electronic properties, generally related to W4+ and W5+ 

surface states.216 These states may significantly influence not just the 

charge transfer but also transport properties. 

The morphology, particle size, and specific surface area of nanomaterials 

are important parameters in heterogeneous catalysis to optimise the 

catalytic activity.248,249 The challenge is to understand how these factors 

affect the performance. In this study, two WO3 materials of different 

morphology are compared in both photocatalytic dye degradation and 

photoelectrochemical oxidation of water: (i) nanostructured, mesoporous 

WO3 fibres synthesised by centrifugal spinning250; and (ii) commercial 

WO3 nanopowder. For this purpose, an in-depth IMPS study is presented 

to elucidate the complex charge dynamics processes involved in both 

materials and explain the differences in performance.  
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7.2. Experimental methods 

7.2.1. Photoelectrode fabrication 

WO3 nanofibres were prepared by centrifugal spinning, according to the 

previously published work.250 In brief, the solution of W precursor and 

carrying polymer was spun and the fibres were annealed to obtain 

crystalline WO3 fibres. WO3 nanopowder (550086, Sigma-Aldrich, 

particle size below 100 nm), was finely ground in an agate mortar to 

ensure particle homogeneity and 0.1 g was dispersed in 10 mL 

isopropanol in an ultrasonic bath for 20 min. Subsequently, 1 mL 

terpineol (86480, Sigma-Aldrich) was added and the dispersion was 

magnetically stirred for 20 min. On the other hand, 0.03 g ethyl cellulose 

(247499, Sigma-Aldrich) was dissolved in 10 mL isopropanol and 

magnetically stirred at 70 ºC for 1 h. Finally, the WO3 dispersion and the 

ethyl cellulose solution were mixed, magnetically stirred, and sonicated 

for 20 min. The excess solvent was removed in a rotary evaporator until 

the desired density and viscosity of the paste were reached. The 

procedure was repeated independently for WO3 nanofibres, however, 

without the sonication processes in order to avoid mechanical damage to 

the nanofibres.  

FTO substrates were sequentially cleaned and sonicated for 20 min with 

Hellmanex III®, de-ionised water, alcohol, and lastly, isopropanol. A 

thin, compact WO3 layer was sputter-deposited onto FTO-coated 

conductive glass substrates (SnO2:F, TEC 15 Ω sq–1) using a 2-inch target 

prepared from 99 % pure WO3 powder (95410, Sigma-Aldrich), and a 

power of 40 W and argon flow rate of 20 sccm. The substrates were 

sintered at 500 ºC for 2 h. The film thickness was determined to be 54 

nm using mechanical profilometry.  

The FTO/compact-WO3/mesoporous-WO3 photoelectrodes were 

prepared by screen printing, depositing successive layers using a screen 

with a mesh opening of 46 μm, nominal thread diameter of 55 μm, open 

area of about 17.2 %, mesh thickness of 97 μm, theoretical ink volume 

of about 16.7 cm3 m–2 and deposition area of 1 cm2. The substrate was 

placed on a hot plate at 100 ºC for 10 min between deposition steps. After 

finishing the desired number of deposition steps, the WO3 films were 
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sintered at 550 ºC for 1 h using a 3 h temperature ramp. From here on, 

this chapter will distinguish between the nanoparticle and nanofibre 

photoelectrodes, keeping in mind that both were fabricated the same way 

with the compact layer, unless otherwise mentioned.  

7.2.2. Structural and optical characterisation 

XRD analysis with Bruker D8 Discover diffractometer at 50 kV and 1 

mA for Cu Kα (λ = 1.5418 Å) and K = 0.89 with a collimator of 2 mm 

and micro slit of 1 mm, in the 2θ range 20 o to 65 o with an increment 

step of 0.015 o per 0.05 s was used to determine the crystalline structure 

for the WO3 commercial and WO3 fibre films, furthermore, GAXRD was 

used to determine the crystalline structure in the WO3 compact layer thin 

film fixing the incidence angle at 2º with an increment step of 0.015º per 

0.75 s. The crystallite size was measured for all peaks using the Scherrer 

equation. 

The surface morphology and particle size were evaluated through a FE-

SEM model Zeiss Gemini300, and EDX was used to examine the atomic 

weight ratio of the samples with an accelerating voltage of 15 kV.  

DRS was employed to determine the optical properties of the films, using 

a UV/Vis/NIR spectrophotometer model FSL1000-DD-STM Edinburgh 

Instruments equipped with an integrating sphere using a Xe lamp in the 

range of 300 nm to 800 nm, with a dwell time of 0.5 s, step of 1 nm, 

bandwidth excitation of 3 nm and bandwidth emission of 0.05 nm. 

7.2.3. Photocatalytic measurements 

The photocatalytic activities of both types of WO3 nanomaterial used in 

this work were examined using photocatalytic decomposition of 

methylene blue (MB; initial concentration = 1 × 10–5 M). Before the 

measurements, materials were sonicated for 5 min at 50% power at 37 

kHz (FB11203, Fisherbrand) in deionised water, and subsequently 

separated by centrifugation (Optima MAX-XP, Beckman Coulter) at 

5000 g for 5 min at room temperature using a fixed-angle rotor (MLA- 

150). Materials were immersed in the MB solution (30 mL) for 1 h under 

constant stirring to achieve the dye adsorption-desorption equilibrium. 

Afterwards, the materials were separated from the MB solution by 
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centrifugation at 5000 g for 5 min. Subsequently, 80 mg of material was 

irradiated by an LED-based UV lamp (λ = 365 nm ± 5 nm) and Vis light 

(Vis lamp; λ = 400–410 nm) and the absorbance of the MB solution was 

periodically measured (6 × 10 min and 2 × 30 min steps, respectively) 

by a UV-Vis spectrophotometer (S-200, Boeco) at a wavelength of 670 

nm to monitor the decomposition rate. Repeatedly, prior to absorbance 

measurements, 4 mL aliquots of MB solution were taken from the 

reaction solution and the sample was separated from the MB solution by 

centrifugation at 5000 g for 5 min at 25 ºC. The measured solutions were 

always returned to the base solution for further experiments.  

7.2.4. Photoelectrochemical measurements 

Photoelectrochemical measurements were carried out using a three-

electrode electrochemical cell with Pt wire as a counter electrode and 

Ag/AgCl (3 M KCl) as a reference, with 1 M HClO4 (pH ≈ 0) as an 

electrolyte solution, using an Autolab system (PGSTAT302N). A Xe arc 

lamp (Thermo Oriel 69921 500 W) was used as light source and was 

calibrated at 100 mW cm–2 with Si-photodiode (Gentec-eo Turner 

280857). Both UV (λ = 370 nm) and blue (λ = 435 nm) high-power LEDs 

(see Figure 7.1 for the spectra) were used as photon source for the IMPS 

measurements and were calibrated with a Si photodiode (Hamamatsu 

S12698-2). The applied potential was converted to the potential versus 

RHE at pH = 0.  

The IMPS measurements were performed using a sinusoidal intensity 

modulation on top of a bias light intensity in the frequency range from 

105 Hz to 10–2 Hz. The modulation amplitude was about 10 % of the base 

light intensity, and the response linearity was tested and confirmed 

through Lissajous plots. Normalisation was carried out by determining 

the number density of incident photons and calculating the 

corresponding maximum photocurrent assuming that each incident 

photon generates one electron-hole pair; hence, EQE is obtained as a 

function of frequency.  
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Figure 7.1. Emission spectra of the 370 nm and 435 nm LEDs and the 

Xe arc lamp. 

 

7.3. Results and discussion 

7.3.1. Structure, morphology, and optical 

properties 

Screen printing provides a convenient and reproducible film deposition 

method, and the film thickness can be controlled by changing the number 

of printed layers. The presence of the sputter-deposited WO3 underlayer 

resulted to be essential to achieve well-adhered, homogeneous films. 

Figure 7.2 in the Supporting Information shows photos of the films using 

5 printed layers of each material. Figure 7.3a shows the XRD patterns 

for the WO3 nanoparticles, the synthesised WO3 nanofibres and the 

sputter-deposited WO3 compact layer. All diffractograms correspond to 

monoclinic WO3 (γ-WO3), nanoparticles and nanofibres correspond to 

COD 2311041 with the space group P1 21/c 1 and compact layer 

corresponds to COD 2106382 with different space group P1 21/n 1. The 
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diffraction peaks at approximately 38º and 52º correspond to underlying 

FTO substrate. These peaks are less intense for the nanofibres and 

nanoparticles electrodes compared to the compact WO3 layer, since both 

architectures already include the compact layer and additionally present 

thicker WO3 coatings. The crystallite size was determined using the 

Scherrer equation (measured for all peaks) and found to be about 39 ± 9 

nm for the nanofibres and 53 ± 16 nm for the nanoparticles, respectively. 

The thin compact layer (54 nm) is also nanocrystalline, the wide 

diffraction peaks evidence the smaller particle size due to the preparation 

method (sputtering) with an estimated crystallite size of 10 nm.  

Figure 7.2. Photographs of screen-printed WO3 nanoparticulate and 

nanofibre photoelectrodes (5 deposition steps).  

 

The optical properties are shown in Figure 7.3b, which shows the LHE, 

obtained from the DRS measurements versus wavelength in the range 

from 325 to 475 nm. Kubelka-Munk analysis results in an indirect 

bandgap energy of 2.6 eV for both WO3 nanomaterials and 2.8 eV for the 

WO3 compact layer, this variation is related to the higher density of 

defects due to the smaller particle size (see Figure 7.4).251,252 The LHE 

is similar for both materials, indicating that comparative measurements 

can be performed. IMPS measurements were carried out at 370 nm, a 

wavelength close to the maximum LHE peak of WO3 and at 435 nm 

where the LHE values for the nanostructured WO3 are similar, while the 
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compact layer does not significantly absorb. At wavelengths larger than 

475 nm, the apparent slight increase in the LHE values for the 

nanostructured films does not represent absorption, but is rather due to 

scattering. The very thin compact layer on the other hand shows 

negligible scattering. 

 

Figure 7.3. (a) XRD patterns of WO3 films deposited by screen printing 

onto a compact WO3 thin film (prepared by sputter deposition) on FTO; 
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the peaks at 38º and 52º correspond to FTO and are indicated by an 

asterisk; (b) LHE spectra obtained from DRS. 

 

Figure 7.4. Kubelka-Munk analysis of the DRS measurements of WO3 

nanoparticles and nanofibres deposited onto the WO3 compact layer on 

FTO, indicating the indirect bandgap values. 

 

The morphology of screen-printed films was examined using SEM, and 

Figure 7.5 shows the corresponding images at different magnifications 

obtained for nanoparticulate (Figure 7.5a-c) and nanofibre (Figure 

7.5d-f) films. The nanoparticulate film shows a homogeneous 

distribution of particles with an average size of about 84 ± 35 nm, which 

is somewhat larger than the crystallite size from XRD, indicating that 

small agglomerates are present. The fibres are also distributed 

homogeneously on the surface, with the nanoparticles that make up the 
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nanofibres distinctively smaller at around 57 ± 37 nm. The fibres are 

partially hollow with a highly porous interior.  

Figure 7.5. SEM images of: (a–c) screen-printed WO3 nanoparticulate 

film; (d–f) screen-printed WO3 nanofibre film. Both films were 

deposited onto a compact WO3 thin film prepared by sputter deposition 

on FTO.  

 

EDX analysis reveals that the atomic weight ratios of tungsten (60%) 

compared to oxygen (20%) and tin (20%) are the same for the 

nanoparticulate and the nanofibre samples (Figures 7.6, 7.7 and 7.8).  
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Figure 7.6. EDX analysis of WO3 nanofibres on a WO3 compact layer 

on FTO. 

 

 

Figure 7.7. EDX analysis of WO3 nanoparticles on the WO3 compact 

layer on FTO. 
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Figure 7.8. EDX analysis of WO3 compact layer on FTO. 

 

It was found that the nanofibre film contained on average about 20% 

more WO3 than the nanoparticulate film. It can be concluded that the 

amount of material is similar, but that the nanofibre films have a total 

surface area that is expected to be about double that of the 

nanoparticulate films. On the other hand, the difference in morphology 

leads to almost equal values for the LHE, which provides optimal 

conditions to compare the photoelectrochemical properties at the same 

absorbed light intensity. The amount of WO3 deposited was determined 

by weighing the electrodes both before and after deposition, and by 

scraping off the WO3 and subsequent weighing. (see Figure 7.9).  
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Figure 7.9. Analysis of the amount of WO3 material deposited for the 

fabrication of the photoanodes, where the weight difference was 

determined using an analytical balance before and after deposition (and 

the full sintering procedure), while the second set of columns 

corresponds to the weight of the WO3 scraped off afterwards. At least 5 

films were independently analysed, and the error bar indicates the 

standard deviation.  

 

7.3.2. Photocatalysis vs photoelectrochemistry 

Figure 7.10a illustrates the photocatalytic degradation of MB using the 

same weight of dispersed WO3 nanofibres and nanoparticles under UV 

illumination: it can be clearly observed that the nanofibres result in 

significantly faster degradation than the nanoparticles, which correlates 

with the larger surface area in contact with the electrolyte solution, as 

previously reported.250 Figure 7.10b shows CV curves for WO3 

nanoparticulate and nanofibre electrodes prepared using 5 subsequent 

deposition steps onto the WO3 compact layer (on FTO) in 1 M HClO4 

(pH ≈ 0) under front side illumination (i.e. from the electrolyte solution 

side).  
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Figure 7.10. (a) Absorbance of a MB solution with WO3 nanofibres and 

nanoparticles dispersed versus illumination time using a 365 nm UV 

lamp; (b) J-E curves for the sputter-deposited compact layer and the 

screen-printed nanofibre and nanoparticulate WO3 photoelectrodes (on 

top of the WO3 compact layer) under 1 sun front side illumination in 1 

M HClO4 (pH ≈ 0) at 1 sun (AM1.5 G; 100 mW cm–2). The 

photoelectrodes were prepared using 5 consecutive deposition steps (see 

Figures 7.12 and 7.13).  
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The photocurrent onset is at 0.8 V vs RHE, and the photocurrent 

stabilises at approximately 1.3 V vs RHE. The maximum photocurrent is 

0.15 mA cm–2, 1 mA cm–2 and 1.5 mA cm–2 under 1 sun illumination 

(AM1.5 G; 100 mW cm–2) for the compact layer, the nanofibre and the 

nanoparticulate photoelectrodes, respectively. The photocurrent 

increases to 1.6 mA cm–2 and 2.2 mA cm–2 for the nanofibre and 

nanoparticle electrodes, respectively, under irradiance of 10.2 mW cm–2 

(photon flux of 1.9 × 1016 cm–2 s–1) using an LED emitting UV at 370 

nm. However, the photocurrent decreases at the same photon flux 

corresponding to an irradiance of 8.7 mW cm–2 of an LED emitting at 

435 nm to 0.6 mA cm–2 and 0.7 mA cm–2 (see Figure 7.11). 

  

Figure 7.11. J-E curves for screen-printed WO3 nanoparticulate and 

nanofibre photoelectrodes deposited onto the WO3 compact layer on 

FTO for illumination at different wavelengths (370 nm and 435 nm) at 

same photon flux of 1.9 x 1016 cm–2 s–1 in a 1 M HClO4 (pH ≈ 0) 

electrolyte solution.  
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This is mainly due to a 50% decrease in the LHE (Figure 7.3b); however, 

the collection efficiency also appears to be smaller at 435 nm. Figures 

7.12 and 7.13 illustrate the reproducibility and improvement of the 

photocurrent with the thickness for neutral pH solutions, illustrating that 

the maximum photocurrent begins to saturate after 3 or 4 deposition 

steps. 

Figure 7.12. J-E curves for screen-printed WO3 photoelectrodes using 

WO3 nanofibres on FTO for three samples and as a function of the 

number of subsequent deposition steps, illustrating the reproducibility 

and improvement of the photocurrent with thickness up to a saturation 

value, under illumination at 100 mW cm–2 using a Xe lamp and in 0.1 M 

phosphate buffer solution (pH = 6.5). 
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Figure 7.13. J-E curves for screen-printed WO3 photoelectrodes using 

WO3 nanoparticles on FTO for three samples and as a function of the 

number of subsequent deposition steps, illustrating the reproducibility 

and improvement of the photocurrent with thickness up to a saturation 

value, under illumination at 100 mW cm–2 using a Xe lamp and in 0.1 M 

phosphate buffer solution (pH = 6.5). 

 

Figure 7.14 demonstrates the stability of WO3 nanofibre and 

nanoparticle films under operational conditions with 1 M HClO4 as 

electrolyte at pH ≈ 0 for at least 15 min, showing that steady-state 

conditions are reached and maintained, suitable for reliable IMPS 

measurements. 
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Figure 7.14. J-t curves for screen-printed WO3 nanoparticulate and 

nanofibre photoelectrodes deposited onto the WO3 compact layer on 

FTO for illumination at different wavelengths (370 nm and 435 nm) at 

same photon flux of 1.9 x 1016 cm–2 s–1 in 1 M HClO4 (pH ≈ 0) electrolyte 

solution at 1.23 V vs RHE. 

 

Between 0.10 V and 0.15 V vs RHE, a cathodic peak is observed 

corresponding to the reduction of W6+-sites to W5+-sites216,253, while on 

the return sweep the reoxidation peak is observed at 0.15 V vs RHE to 

0.20 V vs RHE. These processes do not depend on illumination, i.e., 

these reactions also occur in the dark. Multiple reduction-reoxidation 

peaks are only observed under acidic conditions, indicating the 

participation of protons. However, the reoxidation peak at 0.4 V vs RHE 

is observed independent of pH. Figure 7.15 shows that the peak current 

at 0.4 V vs RHE is linear with the number of deposition steps for both 

the nanofibre and the nanoparticulate WO3 photoelectrodes. These 

results indicate that the current maximum scales with the molar amount 

of WO3 material that composes the films. Under illumination, the current 

value at 0.4 V vs RHE increases somewhat, although the trend is the 

same. Note that the linear tendency continues after 4 deposition steps, 
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which is not the case for the photocurrent at 1.5 V vs RHE, which is 

found to saturate after 3 or 4 deposition steps.  

Figure 7.15. The current density peak at 0.4 V vs RHE as a function of 

the number of layers; 1-4 layers measured in a 0.1 M phosphate buffer 

(pH = 6.5), and 5 deposits in 1 M HClO4 (pH ≈ 0) for nanoparticles and 

nanofibres. 

 

It can be concluded that although the surface area of the nanofibre 

photoelectrodes is about double that of the nanoparticulate electrodes, 

the photocurrent corresponding to water oxidation is, in fact, larger for 

the nanoparticulate photoelectrodes. This is in strong contrast to the 

results obtained for the photocatalytic degradation of MB in the 

dispersed system, where the larger surface area of the nanofibres (for 

essentially the same molar amount of WO3) results in much faster 

degradation kinetics (Figure 7.10a). These results indicate that charge 

separation and charge transport in nanostructured films affect 

performance in a different way than in photocatalysis using dispersions 

of the same nanomaterials.  
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7.3.3. Intensity-modulated photocurrent 

spectroscopy 

To better understand the charge carrier dynamics IMPS was applied to 

explain the contrasting results obtained for the two different 

morphologies in the two applications, photocatalytic dye degradation 

and PEC water oxidation.98,154,254–260  

IMPS measurements were performed for nanoparticulate and nanofibre 

films screen-printed on top of the WO3 compact layer (on FTO) in 1 M 

HClO4 (pH ≈ 0) as a function of applied potential, and using the same 

photon flux of 1.9 × 1016 cm–2 s–1 with LEDs with emission maxima at 

370 nm and 435 nm, respectively. Figure 7.16 shows the IMPS spectra 

obtained using the 435 nm LED in both a Nyquist-type representation 

(Figure 7.16a,b), and in a Cole-Cole plot (Figure 7.16c,d). Both 

materials present similar characteristics, with the Nyquist plot dominated 

by one loop in the 4th quadrant (Figure 7.16a,b) except for at 0.8 V vs 

RHE, which corresponds to the onset potential. At high frequencies, 

H(EQE) = 0, and the loop develops upon decreasing the modulation 

frequency. The apex of the loop defines a characteristic frequency, fmin, 

and upon further decreasing the frequency, the loop ends on the Re(EQE) 

axis giving the low-frequency external quantum efficiency, EQEmax. 

Hence, the charge carrier dynamics are essentially described by a single 

time constant, which corresponds to the competition between charge 

separation or collection and recombination. The size of the arc increases 

with applied potential, and the low-frequency EQE obtained from IMPS 

and plotted against the applied potential results in graphs that mirror the 

J-E curves, indicating that EQEmax provides a good measure for the 

steady-state EQE. Hence, the IMPS plots confirm that the 

nanoparticulate and nanofibre films perform similarly in 

photoelectrochemical water oxidation.  

At 0.8 V vs RHE, corresponding to the onset potential in J-E curve, a 

double arc is observed in the 4th quadrant, which indicates a competition 

between the recombination and the hole transfer to the solution, that 

limits the charge separation and collection dynamics. In addition, a very 

small upper loop is observed in the 1st quadrant, which classically 
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corresponds to surface recombination in the presence of a (small) built-

in potential. At more positive potentials only one arc is present, 

indicating that one process limits performance, in this case, the charge 

collection.  

 

Figure 7.16. Nyquist (a,b) and Cole-Cole (c,d) plots for screen-printed 

films of: (a,c) WO3 nanoparticulate films; (b,d) WO3 nanofibre films, all 

under LED illumination at 435 nm at the same photon flux of 1.9 × 1016 

cm–2 s–1.  

 

Figure 7.17a shows fmin versus applied potential for both WO3 

photoelectrodes. In range of 0.8–1.2 V vs RHE, that corresponds to the 

region, where the photocurrent increases to a plateau value in the J-E 

curves (Figure 7.10b), fmin increases with potential, while at more 

positive potentials fmin is essentially a constant. These results indicate that 

the increase of EQEmax in the onset region with more positive applied 

potential is caused by improving charge extraction at the WO3/electrolyte 
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solution interface. Apart from at 0.8 V vs RHE, surface recombination is 

not distinguished from the bulk recombination, and the loop in the 4th 

quadrant describes the dynamics of the competition between collection 

mediated by charge transport and recombination, either inside the 

nanoparticles or at their surface. At more positive potentials, the charge 

collection is limited by the diffusive electron transport in the 

nanostructured film. Therefore, the increase in photocurrent observed 

between 0.8 and 1.2 V vs RHE is mainly associated with improved 

charge separation and reduced surface recombination at the 

WO3/electrolyte interface. At more positive potentials, where the 

photocurrent reaches a plateau, further improvements become less 

significant, indicating that electron transport collection within the 

nanostructured WO3 films becomes the dominant limiting factor.42,96,98–

101,136,147,154,155 

Figure 7.17b shows fmin as a function of the photon flux at an applied 

potential of 1.23 V vs RHE, i.e. light intensity, and it can be observed 

that fmin increases with increasing photon flux for both the nanofibre and 

the nanoparticulate photoelectrodes.  

In general terms, the driving force for diffusion-limited transport in 

materials is given by the quasi-Fermi level gradient, and this is 

independent of the light intensity and varies little with the relative 

position. However, in disordered semiconductors, the transport 

mechanism is more complex often involving a distribution of trap states. 

This has been previously observed for nanostructured TiO2 

photoelectrodes as well as other materials: the observed dependence is 

attributed to trap-limited charge transport, represented schematically in 
Figure 7.18, in which electrons are photogenerated near the electrolyte 

solution and collected at the FTO back contact.254–260 Different types of 

band gap states may be present, and localization of electrons in states 

around the quasi-Fermi level has the strongest attenuation effect on the 

electron transport.216 Upon increasing the light intensity, the quasi-Fermi 

level moves to higher energy resulting in shallower traps determining the 

transport kinetics. The model has been validated by one key result: that 

the value of fmin is dependent on the charge density in the film, hence the 

incident light intensity. If the trap density distribution is assumed to be 
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exponential, fmin depends on the light intensity through a power-law 

dependence, which is exactly what has been observed for these 

nanostructured, mesoporous WO3 photoelectrodes.  

 

Figure 7.17. (a) fmin versus applied potential for WO3 nanoparticles and 

nanofibres films at 435 nm at a photon flux of 1.9 × 1016 cm–2 s–1. (b) 

Dependence of fmin as a function of the light intensity for both WO3 

photoelectrodes under LED illumination at 370 nm at 1.23 V vs RHE. 



137 
 

 

Figure 7.18. Electron transport in the WO3 conduction band model under 

steady-state conditions. Electrons are photogenerated by front-side 

illumination near the electrolyte solution (x = 0) and collected by the 

FTO back contact (x = d) at a constant rate. 

 

Interestingly, the value of fmin is smaller for the nanofibre film, which 

could be interpreted as being caused by a larger density of trap states. 

Following the argument of references that for this type of electrodes the 

trap states are in fact at the surface, this may be attributed to the larger 

surface area of the nanofibres.254,256  A second possible explanation could 

be that the non-optimal orientation of the nanofibres with respect to the 

FTO surface leads to a longer travel path for the electrons to be collected. 

The dependence of the time constant on photon flux or, more 

appropriately, the charge density accumulated in the WO3 nanostructured 

films, also affects the comparison of the performance at different 

wavelengths. Figure 7.17 shows that at the same photon flux the charge 

carrier dynamics are faster using illumination with 370 nm (Figure 

7.17b at the highest photon flux) as compared to 435 nm (Figure 7.17a). 

At the same photon flux, the effective charge density under 370 nm 

illumination is larger due to the larger fraction of absorbed photons. This 
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can be inferred from Figure 7.3b, where the LHE is much larger for 370 

nm than 435 nm. Additionally, the observation that the process dynamics 

are faster at higher charge density also affects the collection efficiency, 

thus explaining the more than proportionally lower photocurrent 

observed in the J-E curves obtained using 435 nm (see Figure 7.11). 

Hence, these results indicate that in both the nanoparticulate and the 

nanofibre films trap-limited electron transport strongly affects the 

photoelectrode performance. It can also be concluded that the 1D 

nanofibre morphology does not translate in faster electron collection, 

which may be ascribed to the larger surface area, and hence larger trap 

density, but may also be related to the number of inter-nanoparticle 

contacts electrons need to pass before reaching the FTO, where grain 

boundaries may further hinder electron transport, and the observation 

that the fibres do not exhibit perpendicular directionality to the WO3 

compact underlayer, thus preventing faster, directed electron transport. 

To conclude, a long-range electron transport is not required in 

photocatalysis, while a larger surface area provides better photocatalytic 

activity. In contrast, for these WO3 nanomaterials, this is not the case for 

photoelectrochemical water oxidation.  

 

7.4. Conclusions 

The photocatalytic activity of WO3 nanomaterials suspended in an 

aqueous MB solution depends on the morphology of the material, 

showing an improvement for the nanofibres with a larger surface area 

related to the smaller size of the particles that constitute the fibres. 

However, the same improvement is not observed for the 

photoelectrochemical oxidation of water at screen-printed, mesoporous 

films. The light intensity dependence of the time constant corresponding 

to charge collection obtained with IMPS shows that this is related to the 

observation that trap-limited electron transport in the interconnected, 

nanostructured films determines the dynamics, rather than hole transfer 

to the solution. As a consequence, the surface area is no longer a 

determining factor in the performance of the WO3 nanomaterials for 

water oxidation. These results illustrate the intricacies of photocatalytic 

processes and indicate that the nanomaterial morphology needs to be 
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optimised for each specific application, keeping in mind the charge 

carrier dynamics that govern performance.  

After focusing on WO3 as a model oxide to examine morphology-

dependent photoelectrochemical behaviour, the next chapter broadens 

the discussion to metal vanadate semiconductors and alloys. This 

transition allows the analysis to move from structural effects in a single 

material system to a comparative evaluation of charge carrier dynamics 

across related metal oxides. In the next chapter, EIS and IMPS are used 

to resolve how differences in composition influence the processes 

contributing to photocurrent generation, providing a more detailed 

kinetic framework for interpreting photoelectrochemical performance. 
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Chapter 8 

 

Charge dynamics as probed by 

small signal-modulated 

photocurrent and impedance 

spectroscopy of metal vanadate 

semiconductors and alloys 

 

Abstract 

This chapter presents the combined and complementary use of two 

techniques, namely, IMPS and PEIS for the study of partially or wholly 

replacing copper with an alkaline earth metal (Mg, Ca) in a metavanadate 

compound matrix (MV2O6). To this end, the three reference compounds 

(CuV2O6, CaV2O6, MgV2O) and two alloy compositions 

(Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6), obtained from a solution 

combustion technique, were screen-printed on FTO substrates. 

Wavelength discrimination for optical excitation of these semiconductor 

samples was provided by using high-power LED (front-side) 

illumination with different wavelengths, UV (λ = 370 nm), blue (λ = 455 

nm), green (λ = 535 nm), and red (λ = 670 nm). A nonunity 
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photogeneration yield of mobile charge carriers was seen in a trend 

reminiscent of previous data on binary oxides or even for other types of 

ternary copper oxides from other laboratories. The dynamic aspects of 

charge transfer and carrier recombination are discussed using the 

combined IMPS-PEIS data along with other optical (e.g., DRS) and PEC 

data. The contents of this chapter have been published in ACS Applied 

Optical Materials.91 

 

8.1. Introduction 

Tuning the chemical composition or alloying metallic elements within a 

compound semiconductor framework is a powerful method in a materials 

chemist’s toolbox to tweak its properties for a targeted application. Cases 

in point are the semiconductor alloys in the group III−V (13−15) family 

where the energy bandgaps are tuned for optoelectronic device (e.g., 

diode lasers, displays, solar cells) use by alloying the cationic 

component. However, other than perhaps ternary oxide perovskites, 

examples of chemical modification or alloying of ternary oxide 

semiconductors are only emerging of late.261–273 This chapter explores 

the dynamic consequences of partially or wholly replacing copper with 

an alkaline earth metal (Mg, Ca) in a metavanadate compound matrix 

(MV2O6). This is a companion study that builds on our previous efforts 

on both ortho- and pyro-vanadates (M2V2O7).274,275 Closely related 

studies in other laboratories on a variety of ternary copper vanadates are 

also noted here. This alloying strategy was motivated by the potential of 

alkaline earth metals, such as Mg and Ca, to enhance water adsorption 

properties and alter the electronic structure in a way that could reduce 

recombination losses, thereby improving photocarrier generation and 

injection efficiency.274,275 

Time-dependent perturbation is very effective for studying the dynamic 

behaviour of semiconductor/electrolyte interfaces. The two most 

common types of perturbation are illumination with modulated intensity 

at a fixed electrode potential or modulation of the electrode potential at 

constant illumination. The corresponding techniques, namely IMPS and 

PEIS, have been thoroughly reviewed in a monograph.147 In what 
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follows, (P)EIS was used for the cases when the EIS technique was used 

with or without illumination of the semiconductor surface (i.e., in the 

dark). The complementarity of IMPS and PEIS for gleaning insights into 

dynamic processes such as carrier recombination or interfacial charge 

transfer is well exemplified by the results reported by other authors on 

binary compound semiconductors such as GaAs, CdS, and InP,100,276 as 

well as metal oxides.142,260 

One of us has previously used IMPS for the study of a ternary oxide 

semiconductor, namely, CuBi2O4.277 Interfacial hole transfer and carrier 

recombination were also studied as a function of potential for β-

Cu2V2O7/electrolyte interfaces in a previous collaboration.278 The 

present chapter specifically shows that the recently discussed 

reinterpretation of declining photogeneration efficiency with wavelength 

in terms of being rooted in nonmobile charge carriers (rather than carrier 

recombination) applies to the metavanadates under discussion as well.279 

In this context, potential issues with localised (e.g., d−d) light absorption 

resulting in subunity quantum yields, may be more widely prevalent than 

previously envisioned. 

 

8.2. Experimental section 

8.2.1. Photoanode fabrication 

The metal vanadates CuV2O6, CaV2O6, MgV2O6, and the alloy 

compositions Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 were prepared in 

polycrystalline powder form by solution combustion synthesis (SCS) 

according to previously reported work, where detailed characterisation 

and elemental analysis confirmed their exact composition.274,275,280 In 

brief, stoichiometric amounts of the corresponding metal nitrates, 

ammonium vanadate, and malic acid were dissolved in water to form a 

homogeneous precursor solution, where malic acid acted both as 

complexing agent and combustion fuel. The precursor mixtures were 

thermally treated in a preheated furnace at 300 ºC, leading to 

dehydration, ignition, and subsequent combustion. The obtained 
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powders were finally annealed at 600 ºC for 1 h to improve crystallinity 

and remove residual organic species.  

The photoelectrodes were fabricated using a semiautomatic screen-

printing system (ATMA AT-45PA). The printing paste was formulated 

using 0.1 g of the SCS-derived powder, which was finely ground in an 

agate mortar to ensure particle size homogeneity and then dispersed in 

10 mL isopropanol in an ultrasonic bath for 20 min. Subsequently, 1 mL 

terpineol (86480, Sigma-Aldrich) was added and the dispersion was 

magnetically stirred for 20 min. Separately, 0.03 g ethyl cellulose 100 cP 

(247499, Sigma-Aldrich) was dissolved in 10 mL isopropanol and 

magnetically stirred at 90 °C for 1 h. Finally, the powder dispersion and 

the ethyl cellulose solution were combined, magnetically stirred, and 

sonicated for 20 min. The excess solvent was removed in a rotatory 

evaporator until the paste reached the desired density and viscosity.50,281 

The procedure was independently repeated for each material. 

Screen printing was performed employing a screen with a mesh opening 

of 68 μm, nominal thread diameter of 40 μm, open area of 37.6%, mesh 

thickness of 65 μm, theoretical ink volume of 24.4 cm3 m−2 and 

deposition area of 1 cm2. Prior to deposition, the FTO substrates (Xop 

Glass, FTO TEC 15, 12−15 Ω sq−1) were cleaned in an ultrasonic bath 

for 20 min in each of the following solvents, in the given order: Milli-Q 

water with Hellmanex III (Z805939 Sigma-Aldrich), Milli-Q water, 

ethanol, isopropanol, and acetone. Finally, the substrates were dried 

under a nitrogen stream. To obtain the optimal film thickness of about 6 

μm (see below), as defined by reaching saturation of the photocurrent 

upon increasing the thickness, 5 layers were subsequently printed; 

between deposition steps, the films were heated on a hot plate at 125 °C 

for 10 min. The films were finally heated to 550 °C using a linear 40 min 

ramp and sintered at that temperature for 1 h. The samples were left to 

cool down to room temperature before use. 

8.2.2. Structural, morphological, and optical 

characterisation 

PXRD was performed on a Bruker D8 Discover diffractometer operating 

at 50 kV and 1 mA for Cu Kα (λ = 0.15418 nm), in the range of 12.5° to 
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60° with an increment step of 0.01° per 0.05 s. The surface morphology 

and film thickness were examined using a Zeiss Gemini 300 FE-SEM in 

both top-view and cross-section modes. 

DRS was performed using a UV/Vis/NIR spectrophotometer model 

FSL1000-DD-STM Edinburgh Instruments equipped with an integrating 

sphere and an Xe lamp as illumination source in the range of 300 to 800 

nm, with a dwell time of 1 s and step size of 1 nm.  

The emission spectra of the LEDs were obtained through an optical fibre 

using an Ocean Optics (USB 4000) spectrometer. ATR-FTIR was 

performed on a JASCO FTIR-4700 instrument in the 4000−400 cm−1 

wavenumber range. 

8.2.3. Photoelectrochemical measurements and 

photocurrent-electrochemical impedance 

spectroscopy  

The PEC measurements were performed using a three-electrode cell 

configuration and front-side illumination (i.e., from the electrolyte 

solution side) in a single-compartment electrochemical cell equipped 

with a quartz window, using a Pt wire as counter electrode and Ag/AgCl 

(3 M KCl) as reference. The electrolyte used was 0.1 M phosphate buffer 

at pH 6.5. The measurements were performed using an Autolab system 

(PGSTAT302N) and a solar simulator (ABET 1100) with an AM 1.5G 

filter as the light source, which was calibrated at 100 mW cm−2 using a 

Si photodiode (Newport model 91150), at a scan rate of 20 mV s−1. The 

applied potential was converted to RHE at pH 6.5. The submerged area 

in contact with the electrolyte was 0.785 cm2. 

The IMPS measurements were carried out in the frequency range from 

105 Hz to 10−2 Hz under high-power LED illumination using different 

wavelengths: UV (λ = 370 nm), blue (λ = 455 nm), green (λ = 535 nm), 

and red (λ = 670 nm). Front-side illumination was employed with the 

LED photon source calibrated with a Si-photodiode (Hamamatsu 

S12698-2) at the same photon flux of 1.6 × 1016 cm−2 s−1 at different 

applied potentials, and at different photon fluxes at a fixed applied 

potential of 1.8 V vs RHE. The modulation amplitude was about 10% of 
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the base light intensity, and the response linearity was tested and 

confirmed through Lissajous plots. Before each IMPS measurement, a 

15 min chronoamperometry measurement was performed to establish a 

steady-state condition and confirm the response stability. Normalisation 

was performed by determining the number density of incident photons 

to obtain real values of the EQE.26,40,50,98,99,154,240,281–285 

EIS was performed with a potential perturbation amplitude of 10 mV 

(p/p) in the range from 105 Hz to 10−2 Hz under dark and high-power 

LED blue (λ = 455 nm) illumination at a photon flux of 1.6 × 1016 cm−2 

s−1 as a function of the applied potential. The latter technique variant is 

referred to as photoelectrochemical EIS or PEIS in what follows. The Ceff 

was calculated from the CPE.152,153 

 

8.3. Result and discussion 

8.3.1. Structural, morphological, and optical 

attributes 

Photographs of the 5-layer screen-printed electrodes are presented in 

Figure 8.1 in the Supporting Information. The films present good 

homogeneity, with different colours for CaV2O6 and MgV2O6, and the 

same colour with different hues for CuV2O6 and the alloy modifications, 

Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6.  

 

Figure 8.1. Photos of 5-layer films deposited on FTO using the screen-

printing technique. 
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Figure 8.2 shows the XRD patterns for each vanadate compound 

deposited on FTO. The CaV2O6 and MgV2O6 films present a monoclinic 

structure (PDF #73-0186 and PDF #71-1651, respectively), while the 

CuV2O6 film and the alloy modifications Mg0.1Cu0.9V2O6 and 

Ca0.1Cu0.9V2O6 adopt a triclinic structure (PDF #75-1054). The last two 

samples have grains with preferred orientation as diagnosed by the peak 

located at 29.3° in the (201) plane. The peaks at 26.5°, 33.8°, 37.9° and 

51.7° correspond to the FTO substrate. The film pattern data agree very 

well with those of the corresponding SCS-derived powder samples used 

for film deposition. In previous work, elemental analysis using XPS 

confirmed the stoichiometry of the compounds, and detailed Rietveld 

analysis was performed on the XRD patterns of the powder materials, 

confirming the phase purity of the materials.274 

 

Figure 8.2. PXRD patterns for (a) CuV2O6, (b) CaV2O6, (c) MgV2O6, 

(d) Mg0.1Cu0.9V2O6, and (e) Ca0.1Cu0.9V2O6 and photoanodes screen-

printed on FTO. 
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SEM images of the photoelectrodes are presented in Figure 8.3 (top-

view) and Figure 8.4 (cross-section) revealing that the morphology and 

particle shape of CuV2O6, Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 films are 

similar, with a particle size of about 2 μm and a homogeneous 

distribution.  

 

Figure 8.3. SEM top-view images of (a) CuV2O6, (b) CaV2O6, (c) 

MgV2O6, (d) Ca0.1Cu0.9V2O6, and (e) Mg0.1Cu0.9V2O6 electrodes screen-

printed on FTO. 
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In contrast, the MgV2O6 film exhibits larger and more agglomerated 

particles, while the CaV2O6 film shows the smallest particle size of about 

0.4 μm. The film thickness is approximately 6 μm for all samples, 

obtained by screen-printing 5 layers. The films are generally porous, 

which implies that in the electrochemical experiments the FTO and the 

metal oxide semiconductor are both in contact with the electrolyte 

solution. 

Figure 8.4. SEM cross-section images of (a) CuV2O6, (b) 

CaV2O6, (c) MgV2O6, (d) Ca0.1Cu0.9V2O6, and (e) Mg0.1Cu0.9V2O6 

electrodes screen-printed on FTO, with 6 μm thickness. 

 

Figure 8.5a shows the DRS data for the five samples under study. Figure 

8.5b illustrates the corresponding LHE spectra derived from these 

measurements. The higher LHE values are obtained for CuV2O6, with 

74% for UV (λ = 370 nm), 83% for blue (λ = 455 nm), and 82% for green 

(λ = 535 nm) illumination. The Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 alloy 

samples exhibit a decrease of about 5% in LHE relative to CuV2O6, while 

CaV2O6 and MgV2O6 absorb significantly less. Figure 8.5c presents the 

light penetration depth for the samples of interest compared to the three 

high-power LED spectra of different wavelengths used in the PEC 

measurement. 

The penetration depth is about 4 μm for all materials and increases 

somewhat in the UV and toward the NIR. Comparing to the film 
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thickness of 6 μm, this implies that a small fraction of light is not 

absorbed, as also observed in the LHE graph. Note that the 

inhomogeneous morphology and the partial coverage of the FTO 

substrate complicates the LHE analysis, leading to a relatively large 

uncertainty in the parameter values extracted. UV light exhibits a 

somewhat larger penetration depth, related to an increase in reflectance 

in this region (Figure 8.5a), corresponding to a decrease of the effective 

absorptance; this observation is consistent with similar trends reported 

for related metal oxide semiconductors. This phenomenon either reflects 

a decrease of the absorption coefficient, or complications determining 

absorption due to combined effects of surface reflectivity, optical 

interference within the film attributed to the porous nature of the material 

and surface roughness. For the experiments reported here, the LHE and 

penetration depth can be considered to be similar for the three LEDs 

used. The increase in LHE at wavelengths larger than 550 nm 

corresponds to absorption to midgap states, which is further addressed in 

the discussion of Figure 8.22. 

Figure 8.5. (a) DRS data (b) LHE and (c) δp for CuV2O6, CaV2O6, 

MgV2O6, Ca0.1Cu0.9V2O6 and Mg0.1Cu0.9V2O6 films screen-printed on 

FTO. 
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Energy bandgap values are estimated using Kubelka-Munk analysis 

(Figure 8.6) from the DRS data on the five film samples, presenting 

similar values for Mg0.1Cu0.9V2O6, Ca0.1Cu0.9V2O6 and CuV2O6.286,287 

The absence of Cu in the pure CaV2O6 and MgV2O6 samples greatly 

enlarges the band gap of these photoelectrodes, resulting in a much lower 

LHE. The DRS data on the five film samples are in good agreement with 

the trends presented in our earlier study on the corresponding SCS-

derived powder samples.275 

Figure 8.6. Kubelka-Munk analysis of the DRS measurement of the 

films deposited onto FTO, indicating the (a) indirect and (b) direct 

optical bandgap values for CuV2O6, CaV2O6, MgV2O6, 

Ca0.1Cu0.9V2O6, and Mg0.1Cu0.9V2O6 electrodes screen-printed on FTO. 

 

8.3.2. Photoelectrochemical measurements 

Figure 8.7 shows LSV curves for CuV2O6, Mg0.1Cu0.9V2O6 and 

Ca0.1Cu0.9V2O6 photoelectrodes in 0.1 M phosphate buffer as electrolyte 

at a potential scan rate of 20 mV s−1 with chopped front side illumination 

using different light sources: 1 sun AM 1.5G, UV (λ = 370 nm), blue (λ 

= 455 nm) and green (λ = 535 nm) illumination, at the same LED photon 

flux of 1.6 × 1016 cm−2 s−1. The photocurrent generated by CaV2O6 and 

MgV2O6 electrodes is very small, hence, these electrodes were excluded 

from further analysis. Also, measurements under red LED illumination 

result in negligible photocurrent for all electrodes. The photocurrent 

onset is located at 1.0 V vs RHE, and the CuV2O6 film exhibits the 



152 
 

highest photocurrent, reaching 0.26 mA cm−2 at 1.8 V vs RHE compared 

to 0.17 mA cm−2 and 0.15 mA cm−2 for Ca0.1Cu0.9V2O6 and 

Mg0.1Cu0.9V2O6, respectively. The disparity in photocurrent decreases 

with increasing wavelength, with the CuV2O6 electrode achieving twice 

the photocurrent under UV illumination, 1.5 times higher under blue 

light and comparable performance under green light conditions in 

comparison with the two alloy vanadates. This behaviour is not 

correlated with the light penetration depth, where the larger penetration 

depth in the UV region corresponds to lower light absorption. A possible 

explanation for this phenomenon, related to the electronic band structure 

of α-CuV2O6, will be provided in Section 8.3.5. On the other hand, the 

higher photocurrent observed for the CuV2O6 film can be partially 

attributed to the higher LHE, but also implies better kinetic properties in 

comparison with the alloy modifications. 

Figure 8.7. LSV curves with chopped front side illumination at (a) 1 sun 

AM 1.5G (b) λLED = 370 nm (UV), (c) λLED = 455 nm (blue) and (d) λLED 

= 535 nm (green) at the same photon flux of 1.6 × 1016 cm−2 s−1 in 0.1 M 

phosphate buffer as electrolyte with a potential scan rate of 20 mV s−1 
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for CuV2O6, Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 photoanodes screen-

printed on FTO. 

 

Figure 8.8 shows LSV curves under chopped light with 1 sun AM 1.5G 

filter as light source with 0.1 M phosphate buffer and 0.1 M Na2SO3 as 

hole scavenger for CuV2O6, CaV2O6, MgV2O6, Ca0.1Cu0.9V2O6 and 

Mg0.1Cu0.9V2O6 electrodes. Except for the CaV2O6 film, a large current 

corresponding to the oxidation of sulfite is observed even in the dark, 

which is attributed to direct charge transfer from the FTO, due to only 

partial coverage of the FTO by the metal oxide material, consistent with 

the porous morphology observed in the SEM images. Hence, the use of 

a hole scavenger in this system is unsuitable for studying photo-

generated hole transfer kinetics and was not further explored.  

 

Figure 8.8. LSV curves with chopped light under 1 sun illumination with 

AM1.5 G filter with 0.1 M phosphate buffer and 0.1 M Na2SO3 as hole 

scavenger at a scan rate of 20 mV s−1 for CuV2O6, CaV2O6, MgV2O6, 

Ca0.1Cu0.9V2O6, and Mg0.1Cu0.9V2O6 films screen-printed on FTO. 

 

The potential distribution at the semiconductor/electrolyte solution 

interface and interfacial charge transfer kinetics play a crucial role in 
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photocurrent generation, directly influencing the efficiency of charge 

separation, transport, charge transfer and recombination in the material. 

It should be kept in mind that water oxidation to oxygen involves the 

transfer of 4 holes and 4 protons, and the interfacial kinetics are expected 

to be very complex. Recent work on photoelectrochemical water 

oxidation at hematite illustrates these aspects, detailing the challenges to 

determine the reaction mechanism, the molecularity and reaction order 

of the rate-determining step, light intensity dependence, band edge 

unpinning and interfacial chemistry.89 Charge transfer therefore does not 

simply correspond to hole transfer to the solution, but rather involves 

interfacial reactions at the semiconductor surface. 

Carrier recombination may occur in the bulk or at the surface on localised 

states that may correspond to reaction intermediates or even charge 

transport states. Hence, the competition between charge transfer, 

recombination and charge transport depends on many factors. Therefore, 

when detailed information on the mechanisms cannot be accessed, it is 

preferred to use a simple model. The most generally used model 

considers that charge separation competes with bulk recombination on a 

short time scale, while surface recombination competes with charge 

transfer at longer times.99 In addition, it is often assumed that charge 

transfer occurs via surface states corresponding to reaction 

intermediates, which also act as recombination centres.99,288 Note that for 

porous, mesoscopic photoelectrodes the potential distribution is 

expected to be significantly different from classical single crystal 

semiconductors, which affects the driving force for charge separation 

and transport, thus complicating the interpretation of experimental 

results.26 

To gain a more comprehensive understanding of these processes, a 

concurrent use of (P)EIS and IMPS techniques was employed in this 

study.100,147 As discussed below, these complementary techniques 

provide valuable insights into the dynamic behaviour of charge carriers 

under operational conditions, enabling a detailed analysis of the factors 

affecting efficiency loss. In (P)EIS, the modulated applied potential is 

applied to the FTO substrate, and the partial coverage of the FTO 

indicates that the total impedance contained contributions from both the 

semiconductor/electrolyte solution and the FTO/electrolyte solution 
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interface. On the other hand, the modulated light intensity used in IMPS 

is only absorbed in the semiconductor. Thus, the effect of uncovered FTO 

may be smaller, providing an additional and complementary analysis of 

this complex system. 

8.2.3. (Photo)electrochemical impedance 

spectroscopy 

Figure 8.9 shows the (P)EIS plots as a function of applied potential 

under dark and blue (λ = 455 nm) LED illumination at a photon flux of 

1.6 × 1016 cm−2 s−1 in 0.1 M phosphate buffer as electrolyte for FTO, 

CuV2O6, Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6. The Nyquist graphs 

present similar characteristics in all cases, with one loop dominating the 

upper quadrant. On the other hand, the Mg0.1Cu0.9V2O6 and 

Ca0.1Cu0.9V2O6 electrodes show a second arc in the dark (refer to the 

Bode plots in Figure 8.10). Hence, surprisingly, the complex 

photoelectrode impedance can be characterised by one time constant for 

most cases; two time constants are only needed for the doped systems in 

the dark. 

 

Figure 8.9. (P)EIS data plotted in Nyquist format at different applied 

potentials under (a-d) dark and (e-g) blue (λ = 455 nm) LED illumination 

at photon flux of 1.6 × 1016 cm−2 s−1 in 0.1 M phosphate buffer as 

electrolyte for (b,e) CuV2O6, (c,f) Mg0.1Cu0.9V2O6 and (d,g) 

Ca0.1Cu0.9V2O6 photoelectrodes screen-printed on FTO. The data for the 

FTO substrate as reference is shown in frame (a). 
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Figure 8.10. EIS Bode plots at different applied potentials under (a-d) 

dark and (e-g) blue (λ = 455 nm) LED illumination at photon flux of 1.6 

x 1016 cm−2 s−1 in 0.1 M phosphate buffer as electrolyte for (b,c) CuV2O6, 

(d,e) Mg0.1Cu0.9V2O6 and (f,g) Ca0.1Cu0.9V2O6 photoanodes screen-

printed on FTO and (a) FTO as reference. 



157 
 

Figure 8.11 shows an equivalent circuit that aims to illustrate the 

complexity of the photoelectrode electrical properties related to the 

morphology of the porous metal oxide film, considering that the FTO 

substrate is also in direct contact with the electrolyte solution. The 

FTO/electrolyte interface impedance appears in parallel to that 

corresponding to the metal oxide/electrolyte interface, and may be 

represented by a simple circuit, with an effective capacitance 

corresponding to the FTO capacitance in series with the Helmholtz 

capacitance at the electrolyte side, in parallel to a resistance that 

describes charge transfer. 

Figure 8.11. (a) Equivalent circuit for a typical photoelectrode with 

porous morphology and FTO in contact with the electrolyte solution. 

(b) Randles-type circuit used when only one loop is observed; and (c) 

simplified equivalent circuit applied when two loops are visible. Rct 

represents the charge transfer resistance and Rp the parallel resistance. 

 

The metal oxide/electrolyte impedance generally needs to be represented 

by a complex equivalent circuit, where the semiconductor capacitance is 

expected to be smaller than that of the Helmholtz layer, and additional 

processes involving electronic surface states that may also act as 
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recombination centres and charge transfer states need to be 

considered.288 In addition, if trap-limited charge transport within the 

semiconductor affects the total impedance, a transmission line 

impedance is often used to model the system. However, if only one time 

constant (one semicircle) is observed in the EIS spectra, this complex 

total circuit is modelled by a reduced equivalent circuit shown in Figure 

8.11b: the total capacitance contains contributions from the 

semiconductor, possibly including interfacial trap states, and the 

Helmholtz layer. The total parallel resistance comprises the resistances 

corresponding to generation, transport, trapping, interfacial charge 

transfer, and is proportional to the potential-dependent inverse slope of 

the J-E curve. 

The Rs obtained from fitting the spectra to these circuits, shown in Figure 

8.12a, is found to be essentially independent of material, and the same 

in the dark and under illumination, and is principally dominated by the 

FTO substrate.  

 

Figure 8.12. (a) RS extracted from EIS; (b) C extracted from EIS and 

IMPS (calculated using fmin from IMPS and RS from EIS) at different 
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applied potentials using a blue (λ = 455 nm) LED at a photon flux of 

1.6 x 1016 cm−2 s−1 in 0.1 M phosphate buffer as electrolyte for FTO, 

CuV2O6, Mg0.1Cu0.9V2O6, and Ca0.1Cu0.9V2O6 screen-printed on FTO. 

 

Figure 8.13 illustrates the quality of the fits at a representative potential 

(1.8 V vs RHE) under dark and light conditions, and the extracted 

impedance parameters along with the errors are summarised in Table 

8.1. 

 

Figure 8.13. EIS Nyquist fitting at applied potentials of 1.8 V vs RHE in 

(a-d) dark and (e-g) blue (λ = 455 nm) LED illumination at photon flux 
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of 1.6 x 1016 cm−2 s−1 in 0.1 M phosphate buffer as electrolyte for (a) 

FTO as reference, (b,e) CuV2O6, (c,f) Mg0.1Cu0.9V2O6 and (d,g) 

Ca0.1Cu0.9V2O6 screen-printed on FTO. 

 

Table 8.1. Equivalent circuit fitting parameters extracted from EIS 
measurements at 1.8 V vs RHE in dark and blue (λ = 455 nm) LED 
illumination at photon flux of 1.6 x 1016 cm−2 s−1 in 0.1 M phosphate 
buffer as electrolyte. 
 

 

 

Figure 8.14 shows Rp,TOT for the spectra with one arc, and Rp,1 or Rp,2 for 

the results with two arcs (Figure 8.11), and the Ceff under dark and blue 

illumination conditions for FTO (as a reference), CuV2O6, 

Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 screen-printed onto FTO. The 

largest difference in Rp obtained from the high-frequency loop between 

dark and light is observed for the CuV2O6 photoelectrode, which is in 

concordance with the results observed in Figure 8.7. In the dark, Rp is 

essentially independent of potential, while under illumination Rp first 

decreased when changing the applied potential in the positive direction 

up to 1.3 V vs RHE, coinciding with the observation of the onset and 

increase of the photocurrent. Hence, in this potential regime, the parallel 

resistance is determined by the charge transfer resistance and its decrease 

translates into a larger photocurrent.289–292 At more positive potential, Rp 

increases again, in agreement with the decreasing slope of the J-E curve 

reaching a saturated photocurrent. In this regime, the photocurrent is 

limited by the balance between generation, recombination and charge 

transfer. 
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Figure 8.14. (a-c) Values for Rp and (d-f) Ceff extracted from the (P)EIS 

data at different applied potentials under dark and light conditions with 

blue (λ = 455 nm) LED at a photon flux of 1.6 × 1016 cm−2 s−1 in 0.1 M 

phosphate buffer as electrolyte for FTO as reference and (a,d) CuV2O6, 

(b,e) Mg0.1Cu0.9V2O6 and (c,f) Ca0.1Cu0.9V2O6 electrodes screen-printed 

on FTO. 

 

Although the charge transfer resistance likely no longer dominates the 

total parallel resistance, slower charge transfer kinetics could also occur 

due to surface poisoning. Phosphate groups adsorbed to the 

photoelectrode surface are capable of passivating the catalytically active 

sites or reaction intermediates, thereby limiting hole transfer.293,294 
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Support for this hypothesis is provided by the FTIR-ATR spectra for 

films before and after PEC measurement (Figure 8.15), where new 

bands in the 1300 to 900 cm−1 regions appear exclusively for the 

photoelectrochemically treated films. These bands are consistent with 

phosphate groups either directly adsorbed onto the surface or bound to 

surface hydroxyls to form phosphorylated −OH species.295,296 

On the other hand, the charge transfer resistance obtained from the low-

frequency loop observed for Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 is very 

similar to that for bare FTO and can be attributed to the photoelectrode 

morphology. In this case, the FTO/electrolyte interface impedance is 

observed as a second arc at low frequencies. 

 

Figure 8.15. ATR-FTIR spectra of CuV2O6, Mg0.1Cu0.9V2O6, and 

Ca0.1Cu0.9V2O6 screen-printed on FTO, before and after 

photoelectrochemical measurements with phosphate buffer 0.1 M as 

electrolyte. The dotted lines indicate the region of interest at 1200-940 

cm−1. 

 

The Ceff for bare FTO in contact with the electrolyte is about 15 μF cm−2, 

in agreement with the expected value of the CH.64 The capacitance of the 

photoelectrodes is larger under dark conditions in the potential range up 
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to 1.4 V vs RHE, which indicates that the larger surface area for the 

Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 electrodes contributes to the 

differential capacitance. At more positive potentials, the capacitance is 

very similar to that of FTO implying the mixed oxides are depleted. For 

the CuV2O6 photoelectrode, the capacitance in the dark remains larger 

than for FTO, indicating that the CuV2O6 film still contributes to the 

measured capacitance, and that the surface remains in electronic contact 

with the FTO substrate.297,298 Under illumination, the capacitive 

properties follow a similar trend; however, the effective capacitance is 

generally smaller than in the dark and closer to the value obtained for 

FTO. Combined, these results indicate that the impedance of the 

semiconductor is smaller under illumination. 

8.3.4. Intensity-modulated photocurrent 

spectroscopy 

Figure 8.16 shows the IMPS spectra as a function of the applied 

potentials under front side illumination using three LEDs: UV (λ = 370 

nm), blue (λ = 455 nm) and green (λ = 535 nm) with the photon flux 

constant at 1.6 × 1016 cm−2 s−1 for CuV2O6, Mg0.1Cu0.9V2O6 and 

Ca0.1Cu0.9V2O6 photoanodes in a 0.1 M phosphate buffer electrolyte. The 

Nyquist-type plot of the CuV2O6 electrode is dominated principally by 

one loop in the 4th quadrant, with the characteristic fmin. For the 

Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 electrodes, at applied potentials 

more positive than 1.4 V vs RHE, a second loop appears in the 4th 

quadrant. The size of this second loop increases with more positive 

applied potential. Interestingly, the second loop is absent in the CuV2O6 

film for any tested wavelength. It is also absent for Mg0.1Cu0.9V2O6 and 

Ca0.1Cu0.9V2O6 films under UV illumination. However, it do appear and 

develop upon increasing the wavelength; the frequency at the minimum 

of this second arc, fmin2, is observed at lower frequency than fmin. 

The high-frequency loop in IMPS spectra is generally attributed to the 

cell’s RC time constant, which is determined by the total (effective) 

capacitance and the series cell resistance.98,284 For a photoelectrode on 

FTO, the series resistance would correspond to the FTO substrate, while 

the total capacitance would be determined by the semiconductor 

capacitance, the surface state capacitance and the Helmholtz layer 
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capacitance. Figure 8.12b shows the capacitance versus applied 

potential calculated from C = (2π fmin Rs)−1, where Rs is obtained from 

the EIS measurement (shown in Figure 8.12a). It can be observed that 

the capacitance increases upon shifting the applied potential from 1.2 to 

1.4 V, and it saturates at about 15 μF cm−2 at more positive potentials. 

This relatively high value indicates that the semiconductor capacitance 

is similar in magnitude to that of the Helmholtz layer. This also implies 

that the applied potential is distributed between the semiconductor and 

the Helmholtz layer, resulting in a shift of the band edges upon changing 

the applied potential, i.e. band edge unpinning. The initial increase of the 

capacitance from 1.2 to 1.4 V vs RHE could indicate a buildup of hole 

density at the interface upon shifting the applied potential positively but 

may also result from surface recombination as observed at lower 

frequencies in this potential range (see below). 

 

Figure 8.16. IMPS data in Nyquist plot format at different applied 

potentials under different wavelength LED illumination (a-c) UV λ = 370 

nm, (d-f) blue λ = 455 nm, (g-i) green λ = 535 nm, at the same photon 

flux 1.6 × 1016 cm−2 s−1 in front side illumination with 0.1 M phosphate 
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buffer as electrolyte for (a,d,g) CuV2O6, (b,e,h) Mg0.1Cu0.9V2O6 and 

(c,f,i) Ca0.1Cu0.9V2O6 electrodes screen-printed on FTO. 

For the high-frequency loop, in absence of a second loop in the 4th 

quadrant, the intersection with the real axis corresponds to the maximum 

EQE, excluding surface processes losses (i.e., unattenuated EQE), which 

increases with more positive applied potential. The EQE and therefore, 

the charge separation efficiency, decreases with larger wavelengths, 

reflecting the behaviour observed above in the J-E curves shown in 

Figure 8.7. At applied potentials more negative than 1.3 V vs RHE, a 

low-frequency loop appears in the 1st quadrant, where the frequency of 

the maximum reflects the competition between the hole transfer and 

surface recombination, according to the simple model where electrons in 

the conduction band may still reach the surface to recombine with 

(trapped) holes. However, this loop quickly disappeared at more positive 

potential, indicating that either fast electron extraction at the FTO 

interface or the internal field prevents surface recombination at these 

potentials. Moreover, it does not reappear under varying illumination 

intensity or for different wavelengths. 

Consequently, the rate constants for ktr and krec cannot be determined at 

more positive potentials. Notably, this behaviour is consistent with the 

photocurrent transients under chopped illumination (see Figure 8.7), 

which do not exhibit significant overshoot and delays, indicating 

minimal surface recombination.99 These observations suggest that the 

photoresponse is not limited by surface recombination processes. 

Figure 8.17 presents the IMPS spectra as a function of photon flux using 

different LEDs under front side illumination: UV (λ = 370 nm), blue (λ 

= 455 nm) and green (λ = 535 nm), at a constant applied potential of 1.8 

V vs RHE for CuV2O6, Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 

photoanodes. 
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Figure 8.17. IMPS data in Nyquist plot format at varying photon flux 

under different wavelength LED illumination (a-c) UV λ = 370 nm, (d-

f) blue λ = 455 nm, (g-i) green λ = 535 nm, at a fixed applied potential of 

1.8 V vs RHE in 0.1 M phosphate buffer as electrolyte for (a,d,g) 

CuV2O6, (b,e,h) Mg0.1Cu0.9V2O6 and (c,f,i) Ca0.1Cu0.9V2O6 films screen-

printed on FTO. 

 

The EQE at the intersection on the real axis at low frequency decreases 

with increasing photon flux, indicating that efficiency losses due to bulk 

recombination become more significant at higher light intensities, i.e., 

larger charge densities. Figure 8.18 shows a sublinear intensity 

dependence with a slope of about −0.5 for the Ca- and Mg-containing 

CuV2O6 samples. Similar sublinear trends have been reported in solar 

cells, where this observation is associated with the recombination 

mechanism.299–303 Within this interpretation, the slope of about −0.5 

points to second-order (bimolecular) recombination kinetics for the Ca- 

and Mg-containing samples. In contrast, the pure CuV2O6 material 
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shows a much weaker intensity dependence, closer to first order 

(monomolecular) kinetics. 

Figure 8.18. EQE as a function of photon flux at an applied potential of 

1.8 V vs RHE with 0.1 M phosphate buffer as an electrolyte at different 

wavelength LED illumination (a) UV λ = 370 nm, (b) blue λ = 455 nm, 

(c) green λ = 535 nm, and (d) extracted slope from linear fit for 

CuV2O6, Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 screen-printed on FTO. R2 

denotes the coefficient of determination and it is shown for each fit. 

 

Once again, the second semicircle is absent for CuV2O6 film under any 

photon flux tested. In contrast, when the photon flux is sufficiently low, 

the magnesium and calcium copper vanadate electrodes develop a 

second arc, even under UV illumination. This second loop decreases as 

the light intensity increases. 

Figure 8.19 shows fmin as a function of (Figure 8.19a-c) of the applied 

potential at the same photon flux of 1.6 × 1016 cm−2 s−1 and varying 
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photon flux (Figure 8.19d-f) at an applied potential of 1.8 V vs RHE, 

under different wavelength LED illumination for CuV2O6, 

Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 electrodes, respectively.  

Figure 8.19. IMPS parameter fmin under different wavelength LED 

illumination, with 0.1 M phosphate buffer as electrolyte for (a-c) 

different applied potentials at the same photon flux 1.6 × 1016 cm−2 s−1 

and for (d-f) different photon fluxes at an applied potential of 1.8 V vs 

RHE for (a,d) CuV2O6, (b,e) Mg0.1Cu0.9V2O6 and (c,f) Ca0.1Cu0.9V2O6 

photoelectrodes screen-printed on FTO. 
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The fmin value is similar for all samples and is independent of the 

illumination wavelength and the external potential, except for the applied 

potential below 1.3 V vs RHE, which is influenced by the loop in the 1st 

quadrant in the Nyquist plot. In contrast, fmin shows a weak dependence 

on the photon flux and increases with increasing light intensity. There 

are several possible explanations for this observation, including the slight 

decrease of Rp under illumination. On the other hand, a similar light 

intensity dependence of fmin has been previously reported for 

nanostructured, mesoscopic TiO2 and WO3 photoelectrodes, among 

other materials. The observed dependence is generally attributed to trap-

limited charge transport: as the light intensity increases, deeper traps are 

filled up, leading to shallower traps to govern the transport kinetics.50,254–

260 This effect is well-known in dye-sensitised solar cells, but it is not 

exclusive to nanostructured systems. Recent studies have demonstrated 

that trap-limited transport also occurs in bulk metal oxide photoanodes 

with larger particle sizes, such as BiVO4.304,305 

Figure 8.20 shows the parameter fmin2 as a function of applied potential 

(Figure 8.20a,b) at a fixed photon flux of 1.6 × 1016 cm−2 s−1 and varying 

photon flux (Figure 8.20c,d) at an applied potential of 1.8 V vs RHE, 

under different wavelength LED illumination for Mg0.1Cu0.9V2O6 

(Figure 8.20a,c) and Ca0.1Cu0.9V2O6 (Figure 8.20b,d) electrodes. The 

values of fmin2 are similar for both electrodes and do not depend on the 

applied potential. On the other hand, fmin2 decreased with increasing 

wavelength and depended strongly on the photon flux, increasing rapidly 

with increasing light intensity. 

A second loop in the 4th quadrant has been shown to occur when the 

semiconductor and Helmholtz capacitance are of similar magnitude, with 

the total capacitance given by (Csc CH) / (Csc + CH), and the charge 

transfer constant becomes larger than the surface recombination 

constant;98,284 this may be the case upon shifting the potential more 

positive, in the presence of a hole scavenger, or at larger photon flux. 

The accumulation of photogenerated holes at higher light intensities near 

the surface may induce a modification in the potential drop across the 

Helmholtz layer, which may result in an increase of the hole transfer rate 

constant. This interpretation is consistent with prior work on light-
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induced modulation of interfacial potentials in photoelectrochemical 

systems.89,138,155,306 Interestingly, the second loop is only observed for the 

Mg- and Ca-modified copper vanadates, indicating modifications in the 

electronic structure upon partial substitution of Cu2+ with Mg2+ or Ca2+. 

This may affect Cu−O hybridisation and lead to the formation of oxygen 

vacancies, which can act as trapping or recombination centres for charge 

carriers.274,275,307 These defects increase the charge transfer kinetics to the 

solution, resulting in the second loop in the IMPS spectra; however, the 

DC photocurrent is actually smaller than for copper vanadate, indicating 

that the charge separation efficiency is smaller due to enhanced (bulk) 

recombination as confirmed by the smaller high-frequency loop. 

Figure 8.20. fmin2 under different wavelength LED illumination with 0.1 

M phosphate buffer as an electrolyte at (a,b) different applied potentials 

at the same photon flux 1.6 × 1016 cm−2 s−1 and at (c,d) different photon 

fluxes at an applied potential of 1.8 V vs RHE for (a,c) Mg0.1Cu0.9V2O6 

and (b,d) Ca0.1Cu0.9V2O6 photoanodes screen-printed on FTO. Note that 

a second loop was not observed for CuV2O6, which was also the case for 
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several potentials and light intensities for the modified materials, hence 

fmin2 could not be determined under these conditions. 

 

8.3.5. Putting the (P)EIS and IMPS data together 

The characteristic frequencies of the different interfacial processes 

considered in this chapter are summarised in Figure 8.21.  

Figure 8.21. f extracted from (a) IMPS (b) EIS in dark conditions and 

(c) PEIS under illumination. The photon flux was fixed at 1.6 × 1016 cm−2 

s−1 with blue (λ = 455 nm) LED in 0.1 M phosphate buffer as electrolyte 

for FTO as reference, CuV2O6, Mg0.1Cu0.9V2O6, and Ca0.1Cu0.9V2O6 

films screen-printed on FTO. 

 

Under dark conditions, the low-frequency loop in the EIS spectra of 

magnesium and calcium vanadate samples is attributed to the FTO 

substrate. In contrast, under illumination, the inverse time constant 
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extracted from PEIS matched with the low-frequency loop characterised 

by fmin2 in IMPS measurement, under the same conditions. Hence, the 

low-frequency time constant from IMPS and the time constant in PEIS 

describe the charge transfer kinetics at the photoelectrode interface. 

IMPS results in additional information on the potential distribution and 

total capacitance in the high-frequency loop. Furthermore, the surface 

recombination feature observed in the 1st quadrant of IMPS spectra in 

the potential range of 1.2 to 1.4 V vs RHE cannot be distinguished in the 

PEIS measurements, indicating the complementary character of the two 

small-signal modulation techniques. 

Finally, the two parameters LHE and the EQE, of critical importance to 

practical applications of these materials (e.g., energy conversion), as 

extracted from chronoamperometry and IMPS data, may be compared. 

This is shown in Figure 8.22 as a function of wavelength for CuV2O6, 

Mg0.1Cu0.9V2O6 and Ca0.1Cu0.9V2O6 photoelectrodes at a potential of 1.8 

V vs RHE and the same photon flux of 1.6 × 1016 cm−2 s−1 for each LED. 

Although the LHE increases up to 400 nm and remains constant until 600 

nm, both EQE, extracted from chronoamperometry and from IMPS, 

decreased with increasing wavelength, which mirrors the behaviour 

observed in Figure 8.5. 

This observation is attributed to the electronic band structure of α-

CuV2O6.274 The top of the valence band is primarily composed of 

strongly hybridised Cu 3d−O 2p orbitals, whereas the bottom of the 

conduction band is dominated by V 3d states with a minor contribution 

from O 2p orbitals. At shorter wavelengths (UV illumination), the photon 

energy is sufficiently high to drive direct transitions from the valence 

band to the conduction band, leading to efficient charge carrier 

generation and, consequently, a high EQE. In contrast, at larger 

wavelengths, even though the material continues to absorb light (as 

indicated by the constant LHE), the lower photon energies are 

insufficient to effectively promote electrons via a direct optical 

transition. Instead, any excitation involves the midgap states, primarily 

Cu 3d eg states hybridised with O 2p, which require an O-p to O-p 

transition that is intrinsically less favourable. This results in a reduced 
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efficiency in generating free carriers and can account for the observed 

decrease in EQE with increasing wavelength.274,275,280,308 

Figure 8.22. LHE and EQE extracted from chronoamperometry (circles) 

and IMPS (squares) vs illumination wavelength for (a) CuV2O6, (b) 

Mg0.1Cu0.9V2O6, and (c) Ca0.1Cu0.9V2O6 screen-printed on FTO, at an 

applied potential of 1.8 V vs RHE and photon flux of 1.6 × 1016 cm−2 s−1. 

The emission spectrum of each used LED in the PEC measurements is 

represented by dashed lines. 

 

It has been noted (Figures 8.5 and 8.22) that a significant portion of the 

absorbed photons do not generate mobile charge carriers seems to be 

prevalent for several metal oxide semiconductors as recently reviewed 

by other authors.279 Interestingly, this group indeed includes copper 

vanadates as well (cf., see Figure 8.7 cited in their review), and four 

separate sets of data on declining EQE (or IQE) vs wavelength for copper 

vanadates were cited by these authors.279 This alloying strategy was 
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motivated by the potential of alkaline earth metals, such as Mg and Ca, 

to enhance water adsorption properties and alter the electronic structure 

in a way that could reduce recombination losses, thereby improving 

photocarrier generation and injection efficiency.274,275,308 However, the 

optimistic projection by these authors279 that photocarrier generation 

yield losses can be possibly mitigated by alloying does not seem to be 

borne out by the trends in this study on alloying Cu with either Mg or Ca 

within the vanadate compound framework. 

Nevertheless, the results presented in this chapter provide valuable 

insights into how alkaline earth substitution affects the optical and 

interfacial properties of multinary vanadates. These findings contribute 

to a broader understanding of the challenges in designing efficient 

photoelectrodes and highlight the need for further exploration of 

compositional tuning strategies in complex metal oxides. 

 

8.4. Conclusions 

The combined use of IMPS and (P)EIS in this chapter has furnished 

useful insights into the dynamic consequences of partially or wholly 

replacing copper with an alkaline earth metal (Mg, Ca) in a metavanadate 

compound matrix (MV2O6). Our new data on these compounds and 

alloys also show that the phenomenon of nonunity photogeneration yield 

of mobile charge carriers pervades many transition metal oxide 

semiconductors (both binary and ternary compounds) and in this sense, 

is more prevalent than may have been envisioned. Indeed, the notion of 

optoelectronic behaviour akin to “bound excitons” may be evoked for 

photocarriers generated from localised optical transitions of the d−d 

type. Mitigating this trend and improving EQE (or IQE), and thereby the 

overall photoconversion efficiencies of devices based on these materials, 

would require research beyond the scope of the present study. 

Together with the preceding results chapters, the analysis presented here 

completes the progression from interface engineering, through 

morphology-dependent behaviour, to composition-dependent charge 

carrier dynamics in metal oxide photoelectrodes. These chapters 

converge on the central idea of this thesis: that photoelectrochemical 
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performance is governed not only by light absorption, surface area, or 

composition, but by the balance between carrier generation, charge 

extraction, recombination, and transfer at the semiconductor/electrolyte 

interface. The following general conclusions synthesise these findings 

across the different material systems and identify the common 

limitations that must be addressed to improve photoelectrochemical 

water-splitting devices.  
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General conclusions 

 

This thesis demonstrates that the performance of semiconductor-based 

photoelectrochemical systems cannot be understood solely in terms of 

intrinsic material properties but must be interpreted within the context of 

the complete photoelectrode architecture and operating conditions. In 

particular, charge carrier dynamics emerge as the central factor 

governing efficiency, arising from the competition between generation, 

transport, interfacial transfer, and recombination processes. 

The systems studied in Chapters 6, 7, and 8 provide complementary 

examples of how interface design, morphology, and composition 

influence these charge carrier dynamics under different 

photoelectrochemical conditions. 

A key outcome of this work is that strategies commonly used to improve 

performance, such as compositional modification, nanostructuring, or 

defect engineering, do not lead to universally beneficial effects. Instead, 

their impact depends critically on the nature of the material itself and on 

how these modifications influence the dominant charge carrier pathways 

under specific operating conditions. As a result, improvements observed 

in one configuration do not necessarily translate to others, highlighting 

the importance of evaluating materials within their intended functional 

environment. 

The results further show that interfacial processes play a decisive role in 

determining the overall photoelectrochemical response. This is 

particularly evident in the PCN-222-based electrodes, where the use of 

charge-selective layers modifies the extraction pathways and determines 

the directionality of the photocurrent. In this case, the interface is not 

merely a passive boundary, but an active component that can dominate 
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the observed response of the photoactive material by controlling the 

balance between charge extraction and recombination losses. 

In addition, this thesis reveals that defects and surface states play a dual 

role in photoelectrochemical systems. While they can facilitate 

interfacial charge transfer by providing intermediate states, they can also 

enhance recombination pathways, reducing overall efficiency. The net 

effect therefore depends on the relative rates of these competing 

processes, emphasising the need for a controlled and quantitative 

understanding of defect-mediated charge dynamics. This is particularly 

relevant for the metal vanadate systems, where capacitance contributions 

and frequency-resolved kinetic features provide insight into the role of 

surface states in the measured photoelectrochemical response. 

A further important conclusion is that morphology must be considered in 

relation to the dominant transport regime. The comparison between WO3 

nanoparticles and nanofibres shows that increasing surface area and 

reducing characteristic dimensions may enhance performance in systems 

governed by surface reactions, such as photocatalytic systems, but can 

become detrimental when directional charge transport and carrier 

collection are required, such as photoelectrochemical systems. This 

highlights the existence of inherent trade-offs in material design, where 

optimisation of one parameter may negatively impact another. 

Finally, the combined application of steady-state and frequency-resolved 

techniques has proven to be a powerful approach to disentangle the 

processes governing photoelectrochemical performance. By enabling the 

separation of charge transfer and recombination dynamics, this 

methodology provides a more complete and mechanistic understanding 

of the system, which is essential for guiding the design of improved 

materials and device architectures. 

Overall, this thesis establishes that the effective improvement of 

photoelectrochemical systems requires a system-level approach, where 

material properties, morphology, defects, and interfaces are considered 

as interconnected factors. By combining the fabrication and evaluation 

of semiconductor photoelectrodes, material and electrode modification, 

and steady-state and small-perturbation analysis, the work addresses the 

specific objectives and identifies common performance-limiting 
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processes across the systems studied. The insights obtained provide a 

framework for the development of more efficient and robust 

photoelectrodes for solar fuel production, based on the controlled 

management of charge carrier dynamics. 
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Conclusiones generales 

 

Esta tesis demuestra que el rendimiento de los sistemas 

fotoelectroquímicos basados en semiconductores no puede entenderse 

únicamente en términos de las propiedades intrínsecas del material, sino 

que debe interpretarse en el contexto de la arquitectura completa del 

fotoelectrodo y de las condiciones de operación. En particular, la 

dinámica de los portadores de carga emerge como el factor central que 

gobierna la eficiencia, resultado de la competencia entre los procesos de 

generación, transporte, transferencia interfacial y recombinación. 

Los sistemas estudiados en los Capítulos 6, 7, y 8 proporcionan 

ejemplos complementarios de cómo el diseño de interfaces, la 

morfología y la composición influyen en esta dinámica de portadores de 

carga bajo diferentes condiciones fotoelectroquímicas. 

Un resultado clave de esta tesis es que las estrategias comúnmente 

empleadas para mejorar el rendimiento, como la modificación 

composicional, la nanoestructuración o la ingeniería de defectos, no 

conducen a efectos universalmente beneficiosos. Por el contrario, su 

impacto depende de forma crítica tanto de la naturaleza del propio 

material como de cómo estas modificaciones influyen en las rutas 

dominantes de los portadores de carga bajo condiciones específicas de 

operación. Como consecuencia, las mejoras observadas en una 

configuración no necesariamente se trasladan a otras, lo que pone de 

manifiesto la importancia de evaluar los materiales dentro de su entorno 

funcional previsto. 

Los resultados también muestran que los procesos interfaciales 

desempeñan un papel decisivo en la determinación de la respuesta 

fotoelectroquímica global. Esto es particularmente evidente en los 

fotoelectrodos basados en PCN-222, donde el uso de capas selectivas de 
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carga modifica las rutas de extracción y determina la direccionalidad de 

la fotocorriente. En este caso, la interfaz no es simplemente un límite 

pasivo, sino un componente activo que puede dominar la respuesta 

observada del material fotoactivo al controlar el equilibrio entre la 

extracción de carga y las pérdidas por recombinación. 

Además, este trabajo pone de manifiesto el papel dual de los defectos y 

de los estados superficiales en los sistemas fotoelectroquímicos. Aunque 

pueden facilitar la transferencia de carga interfacial al proporcionar 

estados intermedios, también pueden favorecer rutas de recombinación, 

reduciendo la eficiencia global. El efecto neto depende, por tanto, de las 

velocidades relativas de estos procesos en competencia, lo que resalta la 

necesidad de una comprensión controlada y cuantitativa de la dinámica 

de carga mediada por defectos. Esto resulta especialmente relevante para 

los sistemas de vanadatos metálicos, donde las contribuciones 

capacitivas y los rasgos cinéticos resueltos en frecuencia proporcionan 

información sobre el papel de los estados superficiales en la respuesta 

fotoelectroquímica medida. 

Otra conclusión relevante es que la morfología debe considerarse en 

relación con el régimen dominante de transporte. La comparación entre 

nanopartículas y nanofibras de WO3 muestra que el aumento del área 

superficial y la reducción de las dimensiones características pueden 

mejorar el rendimiento en sistemas dominados por procesos 

superficiales, como los sistemas fotocatalíticos, pero pueden resultar 

perjudiciales cuando se requiere transporte direccional de carga y una 

recolección eficiente de portadores, como ocurre en sistemas 

fotoelectroquímicos. Esto pone de relieve la existencia de compromisos 

inherentes en el diseño de materiales, donde la optimización de un 

parámetro puede afectar negativamente a otros. 

Por último, la aplicación combinada de técnicas en estado estacionario y 

técnicas resueltas en frecuencia ha demostrado ser una herramienta 

poderosa para desentrañar los procesos que gobiernan el rendimiento 

fotoelectroquímico. Al permitir separar la dinámica de transferencia de 

carga y de recombinación, esta metodología proporciona una 

comprensión más completa y mecanística del sistema, lo cual resulta 
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esencial para guiar el diseño de materiales y arquitecturas de dispositivo 

mejoradas. 

En conjunto, esta tesis establece que la optimización de los sistemas 

fotoelectroquímicos requiere un enfoque a nivel de sistema, en el que las 

propiedades del material, la morfología, los defectos y las interfaces se 

consideren como factores interconectados. Mediante la combinación de 

la fabricación y evaluación de fotoelectrodos semiconductores, la 

modificación de materiales y electrodos, y el análisis mediante técnicas 

en estado estacionario y de pequeña perturbación, este trabajo responde 

a los objetivos específicos e identifica procesos comunes que limitan el 

rendimiento en los sistemas estudiados. Los resultados obtenidos 

proporcionan un marco para el desarrollo de fotoelectrodos más 

eficientes y estables para la producción de combustibles solares, basado 

en el control de la dinámica de los portadores de carga. 
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