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Abstract 
 

A transition from fossil fuels to renewable energy sources is necessary to start reducing the 

concentration of greenhouse gases in the atmosphere. Solar energy is the most promising 

source of renewable energy due to its abundance on the surface of the Earth, and 

photoelectrochemical water splitting is an ideal form of renewable energy production since 

the hydrogen that is produced can be utilized as a fuel with zero greenhouse emissions. 

However, achieving efficient water splitting has proven to be an elusive goal, and up to 

now no material has been found that efficiently absorbs sunlight and induces efficient water 

splitting. Some of the main limitations have been associated to fast recombination of charge 

carriers, either in the bulk or at the surface, and slow transfer kinetics from the 

semiconductor to the electrolyte solution. Unfortunately, the kinetic constants that describe 

these processes are parameters that are not easily accessible from conventional 

measurements. 

Intensity-modulated photocurrent spectroscopy (IMPS) is a frequency-dependent technique 

suitable to study the charge carrier dynamics and reaction mechanisms in the 

photoelectrochemical cell, using an existing generalized analytical model for IMPS in 

electrochemical systems. In the present work, IMPS is used to determine the rate-

determining steps in the charge carrier dynamics for photoelectrochemical water splitting, 

and we apply the generalized model to obtain the rate constants of charge transfer and 

surface recombination in a variety of metal oxide semiconductor materials and 

photoelectrode compositions and configurations. 

Copper bismuth oxide (CuBi2O4) is an attractive p-type semiconductor, which meets the 

most important requirements to be used as a photocathode for solar water splitting. We 

have used inkjet printing as a novel technique to fabricate CuBi2O4 photocathodes. The 

steady-state photocurrent under simulated 1 sun illumination corresponding to water 

reduction for a 280 nm film at 0.2 V(RHE) was about 0.12 mA cm
-2

, significantly lower 

than attainable for a 2 eV band gap semiconductor. IMPS has been used to distinguish 

between the photoelectrochemical processes involved and to determine the associated time 

constants, in order to gain insight in the loss processes responsible for the low efficiency. 
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The charge separation efficiency reaches up to 0.66 at sufficiently negative potential, 

however, the recombination rate constant is larger than that corresponding electron transfer 

to the solution. This results in a relative charge transfer efficiency between 0.2 - 0.4, 

explaining the low photocurrent. At low light intensity, the relative charge transfer 

efficiency increases up to 0.8, indicating the promise of the material. Interestingly, at 

sufficiently positive applied potential, the CuBi2O4 photoelectrode is characterized by a 

photo-oxidation process, however, the rate constant for hole transfer to the solution is small 

resulting in a negligible steady-state anodic photocurrent.  

Tungsten trioxide (WO3) is an interesting material to be used as a photoanode for solar 

water splitting. The VB is aligned with the water oxidation potential and WO3 has a band 

gap of about 2.7 eV. The photoelectrochemical properties of nanostructured, porous WO3 

films deposited by screen printing have been characterized by steady-state and small signal 

modulation methods as a function of film thickness. Monoclinic WO3 with a wide particle 

size distribution between 50 and 500 nm was synthesized by a very simple method, via the 

dehydration of tungstic acid. Related to its morphology and relatively large feature sizes, 

the optimal thickness for light harvesting and current collection is about 12 μm for front-

side and about 20 μm for backside illumination. IMPS shows that the rate constant for 

charge transfer to the electrolyte solution is larger than that for surface recombination in 

most of the applied potential range, illustrating the promise of the material. However, 

charge collection is found to be an important process that can limit the photocurrent, 

especially for thicker electrodes in the photocurrent onset potential region.  

A significant disadvantage of WO3 is its limited stability under illumination in neutral 

electrolyte solutions; CuWO4 is an attractive alternative option with much better stability. 

CuWO4 films have been synthesized by drop casting using WO3 nanorods as sacrificial 

template and a Cu(NO3)2 solution. The films annealed at 450 °C maintain the morphology 

of the template, and X-ray diffraction indicates that the films are composed of a 

WO3/CuWO4 composite. In contrast, phase-pure CuWO4 films were obtained by sintering 

at 550 °C and 650 °C, however, the grain size and morphology changed as function of 

temperature. The photo-oxidation of water under front side and backside illumination 
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demonstrate that CuWO4 suffers a charge collection problem limiting the photocurrent. The 

kinetic rate constants of surface recombination, charge transfer to the solution, and the 

photoelectrochemical cell RC time constant as a function of applied potential obtained from 

IMPS showed that purity and morphology influence directly surface recombination. Also, it 

was shown that the CuWO4/WO3 heterojunction reduce surface recombination and 

improves the collection efficiency related to the presence of WO3. In addition, a 

BiVO4/CuWO4 heterojunction was prepared to improve absorption and to decrease surface 

recombination in a similar manner, which has been confirmed with IMPS measurements.  

In order to optimize and evaluate different heterojunction configurations, a WO3/BiVO4 

sandwich structure has been prepared by spin coating. Scanning electron microscopy 

images show that the particles of both phases are well interconnected forming a uniform 

layer of 300 nm. The I-V curves indicated that the pH plays an important role to improve 

the onset and the photoresponse. Measurement of the photoresponse under selective 

absorption conditions with a blue LED allowed to observe the charge transfer processes 

involved in the BiVO4 component and clarified the role of WO3 as electron collector. In 

contrast to the BiVO4/CuWO4 system, the external quantum efficiency of the WO3/BiVO4 

system is not only determined by BiVO4, implying that WO3 also contributes.  

In the last section, a preliminary study of the influence of tin doping on iron oxide 

photoanodes (Sn:-Fe2O3) was determined using IMPS. A reduction of the photoresponse 

potential onset of 100 mV was observed for the doped film, which significantly improves 

the applicability of this system. IMPS results indicate that this is related to an improvement 

in the charge transfer rate in addition to a decrease of surface recombination rate in 

comparison of undoped films is observed. 

It can be concluded that IMPS is an excellent method to evaluate the influence of the 

charge transfer and recombination rate constants on the efficiency of the solar water 

splitting process, providing important information on methods to improve performance via 

doping or the fabrication of heterojunctions. 
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Resumen 
 

Para disminuir las emisiones de los gases que generan el efecto invernadero en la 

atmosfera, es necesario cambiar los combustibles fósiles por fuentes de energía renovables. 

Por su abundancia, la energía solar es el recurso renovable más prometedor, el cual puede 

ser aprovechado directamente o puede servir como auxiliar para generar combustibles 

limpios.  

Al integrar energía solar en un sistema electroquímico capaz de disociar la molécula de 

agua, el hidrógeno obtenido puede ser utilizado como combustible, el cual, al ser utilizado 

no genera emisiones contaminantes. Sin embargo, para llevar a cabo este proceso de 

manera eficiente, se necesita un material semiconductor capaz de absorber de manera 

eficiente el espectro solar, que genere los portadores de carga y sea capaz de transferirlos a 

la solución. Desafortunadamente, aún no se ha encontrado el material ideal para esta tarea. 

Entre las limitantes encontradas para algunos semiconductores se encuentra la alta taza de 

recombinación de los portadores de carga, ya sea en el volumen o en la superficie, y/o una 

lenta cinética de transferencia desde el semiconductor hacia la solución electrolítica. 

Desafortunadamente, las constantes cinéticas asociadas a estos procesos no son fáciles de 

determinar. 

La espectroscopía de fotocorriente de intensidad modulada (IMPS por sus siglas en inglés) 

es una técnica de frecuencia que ayuda a estudiar la dinámica de portadores dentro de una 

celda fotoelectroquímica. Ponomarev y Peters desarrollaron un modelo que ayuda a obtener 

las constantes cinéticas de recombinación y transferencia. En este trabajo, IMPS es 

utilizada para determinar el mecanismo de transferencia de carga en celdas 

fotoelectroquímicas por medio del cálculo de constantes cinéticas de transferencia y 

recombinación en diferentes sistemas.  

En primer lugar, se empleó la técnica de impresión por inyección de tinta para sintetizar 

fotocátodos de CuBi2O4. La fotocorriente de estado estacionario correspondiente a la 

reducción de agua para una película de 280 nm a 0.2 V (RHE) fue de aproximadamente 

0.12 mA cm
-2

, lo cual es significativamente más bajo de lo que se puede obtener para un 

semiconductor que posee una banda prohibida de 2 eV. Con el fin de comprender mejor los 
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procesos de pérdida responsables de la baja eficiencia, IMPS ha sido utilizado para 

distinguir entre los procesos fotoelectroquímicos involucrados y para determinar las 

constantes de tiempo asociadas. La eficiencia de separación de carga alcanza hasta 0.66 a 

un potencial suficientemente negativo, sin embargo, la constante de velocidad de 

recombinación es mayor que la correspondiente a la transferencia de electrones a la 

solución. Esto da como resultado una eficiencia de transferencia de carga entre 0.2 y 0.4, lo 

que explica la baja fotocorriente. A baja intensidad de luz, la eficiencia de transferencia de 

carga relativa aumenta hasta 0.8, lo que indica el potencial del material. De manera 

interesante, a un potencial aplicado suficientemente positivo, el CuBi2O4 muestra un 

comportamiento asociado al proceso de fotooxidación, sin embargo, la constante de 

velocidad para la transferencia de huecos a la solución es pequeña, lo que da como 

resultado una fotocorriente anódica de estado estable despreciable. 

Las propiedades fotoelectroquímicas de películas porosas y nanoestructuradas de WO3 

depositadas por serigrafía han sido caracterizadas por medio de IMPS en función de su 

espesor. El WO3 monoclínico muestra una distribución de tamaño de partícula entre 50 y 

500 nm las cuales fueron sintetizadas a partir de la deshidratación de ácido tungstico. El 

espesor óptimo para la recolección de luz y la obtención de fotocorriente es de 

aproximadamente 12 μm para la parte frontal y aproximadamente 20 μm para la 

iluminación de la parte posterior. IMPS muestra que la constante de velocidad para la 

transferencia de carga al electrolito es mayor que la de la recombinación superficial en la 

mayor parte del rango de potencial aplicado. Sin embargo, se considera que la colección de 

carga puede limitar la fotocorriente, especialmente para electrodos más gruesos. 

Debido a su estabilidad en medios neutros, CuWO4 es una opción atractiva para ser 

utilizado como fotoánodo. Las películas de CuWO4 se sintetizaron por goteo utilizando de 

una película de nanoalambres de WO3 con una solución 0.05M de Cu(NO3)2. Las películas 

sinterizadas a 450 ° C mantienen la morfología de WO3, pero el patrón DRX indica que 

estas películas están compuestas por WO3/CuWO4. En contraste, las películas de fase pura 

de CuWO4 se sintetizaron a 550 ° C y 650 ° C, sin embargo, el tamaño del grano y la 

morfología cambiaron en función de la temperatura. La fotooxidación del agua bajo 

iluminación del lado frontal y la parte trasera demuestra problemas de colección del 
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CuWO4. Las constantes de velocidad cinética de recombinación y transferencia, así como la 

constante de tiempo de RC en función del potencial aplicado calculadas por IMPS 

mostraron que la pureza y la morfología influyen principalmente en la recombinación de la 

superficie. Además, se mostró que la heterounión CuWO4/WO3 reduce la recombinación 

superficial y mejora la eficiencia de colección de WO3. Por otra parte; La heterounión 

BiVO4/CuWO4 ayuda a disminuir la recombinación superficial en el BiVO4. Las 

mediciones de IMPS en función del potencial mostraron que la recombinación es la 

principal diferencia entre cada muestra. Además, se observa que la EQE máxima del 

sistema está dada por BiVO4. 

La estructura sándwich WO3/BiVO4 se depositó usando el método de centrifugación. En 

estas películas, las imágenes de SEM muestran que las partículas de ambas fases se 

encuentran interconectadas formando una capa uniforme de 300 nm. Las curvas I-V 

indicaron que el pH juega un papel importante para mejorar el “onset” y la fotorespuesta. 

Las mediciones de IMPS (con un LED azul) permitió observar los procesos de 

transferencia de carga en el BiVO4 y mostraron que el WO3 actúa como colector de 

electrones. A diferencia de la heterounión BiVO4/CuWO4, el EQE del sistema WO3/BiVO4 

no solo está determinado por BiVO4, lo que sugiere que WO3 también contribuye en la 

transferencia. 

En la última sección, se realizó un estudio preliminar de la influencia del dopaje Sn en los 

fotoánodos de óxido de hierro. En los espectros de IMPS se observó que existe una 

reducción del sobrepotencial en 100 mV para la película dopada. Para películas dopadas, la 

constante cinética de transferencia parece ser mayor, mientras que se observa una 

disminución más rápida de la constante de recombinación de la superficie en comparación 

con las películas no dopadas. 
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List of abbreviations  
 

The following table describes the significance of various abbreviations and acronyms used 

throughout the thesis. 

Abbreviation Meaning 
H2 Hydrogen 

O2 Oxygen 

 Absorption coefficient 

a-Fe2O3 Hematite 

ALD Atomic layer deposition 

AO Atomic orbital 

BiVO4 Bismuth vanadate 

CB Conduction band 

CH Helmholtz capacitance 

CSC Space charge capacitance 

CSE Charge separation efficiency 

CuBi2O4 Copper-bismuth oxide 

CuWO4 Copper tungstate 

DOS Density of states 

DS Drop spacing 

EF Fermi level 

Efb Flat band potential 

Eg Band gap 

EQE External quantum efficiency 

h Plank constant 

H IMPS transfer function 

HER Hydrogen evolution reaction 

IHP Inner Helmholtz plane 

IMPS Intensity-modulated photocurrent spectroscopy 

krec Recombination rate constant 

ktr Transfer rate constant 

 Reorganization energy of the solvation shell 

LHE Light harvesting efficiency 

MO Molecular orbital 

 Frequency 

n Density of holes 

Ne Number of electrons 

NHE Normal hydrogen electrode 
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Np Number of holes 

OER Oxygen evolution reaction 

OHP Outer Helmholtz plane 

Ox Oxidized specie 

p Density of electrons 

PEC Photoelectrochemical 

PLD Pulsed laser deposition 

PV Photovoltaics 

Red Reduced specie 

RHE Reversible hydrogen electrode 

SCR Space charge region 

Sn Tin 

STH Solar to hydrogen 

T Temperature 

VB Valence band 

WO3 Tungsten trioxide 

ΔVphoto Photovoltage 

rel
 

Charge transfer efficiency 
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Introduction 
 

Over the last 40 years, the intensive use and depletion of non-renewable, fossil energy 

sources combined with the excessive accumulation of greenhouse gases in the atmosphere 

has caused a wealth of energetic and environmental problems that people have to deal with 

every day. In order to fight against these issues, members of United Nations and the World 

Meteorological Organization, created the Intergovernmental Panel on Climate Change
1
,  

which is responsible for creating overarching strategies focused on prevention and curative 

measures such as the reduction of CO2 emissions from industrial sector.  

Considering that the demand for energy is continuously increasing, the development and 

implementation of renewable energies are contemplated as one of the principal preventive 

actions that must be applied as soon as possible. The use of wind, hydroelectrical, nuclear, 

geothermal and solar energy has been employed to satisfy a part of the world’s energy 

requirements. Unfortunately, the numbers are not yet comparable with fossil fuels.  

Solar energy is the most available and abundant energy source in the world capable of 

supplying more than enough energy for the global energy consumption. In the past few 

decades, research efforts have aimed to design photovoltaic (PV) devices able to convert 

sunlight into electricity as alternative to electricity generation from non-renewable fuels. 

However, electrical energy storage systems in the market have small capacity, hence large-

scale energy storage solutions need to be implemented. One alternative to overcome this 

problem consists in storing energy in the form of chemical fuels generated using solar 

energy. 

Hydrogen is considered as a potential clean energy vector since H2 possesses an energy 

density higher than fossil fuels and its combustion process gives water as a product. Despite 

the fact that H2 is currently mostly produced by catalytic cracking of hydrocarbons, it can 

also be obtained employing sustainable processes. H2 production through solar energy is a 

method where the photons drive a chemical reaction to split the water molecule. Light 

absorption and chemical cleaving of water are the principal steps involved in this process, 

which can be performed separate or at the same time. In the first option, the system acts as 

an electrolyzer, where a solar cell converts solar energy into electricity, which is then used 
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to drive water electrolysis. In the second case, a semiconductor photoactive material is 

designed to absorb photons from the solar spectrum and generate charge carriers, which are 

then employed to activate the oxidation-reduction reaction and produce hydrogen.  

Photoelectrochemical (PEC) water splitting uses semiconductor photoelectrodes to split the 

water molecule. In this configuration, a semiconductor/liquid junction is created where the 

charge transfer processes are taking place at this boundary. In theory, solar to hydrogen 

(STH) efficiencies can be higher than 31.1% for dual junction cells
2
. Fujishima and Honda

3
 

were the pioneers of PEC cells; they showed that a TiO2 film is capable of absorbing light, 

generate electron-hole pairs, and split the water molecule, demonstrating that this process is 

possible. From there, the scientific community has taken up the challenge to find the ideal 

semiconductor material for its use in a PEC system.  

In the search of a good material for the synthesis of photoelectrodes, certain criteria need to 

be met. First, the semiconductor must be capable of absorbing sunlight, preferentially 

visible light since most of the photons from sunlight are found in the visible spectra. Light 

absorption is directly related to the band gap of the material. Secondly, the band edges need 

to be aligned with the redox potentials of water reduction and oxidation. The conduction 

band position must be higher than the reduction potential while the valence band energy has 

to be situated below the oxidation potential, making both reactions thermodynamically 

possible. It is important to highlight that intrinsic and extrinsic properties of the 

semiconductor present important repercussions for the charge separation and charge 

transport processes. Additionally, the semiconductor should exhibit excellent chemical 

stability in an aqueous solution under illumination. Lastly, as the process needs to be 

scalable in order to make an impact, the materials should be composed of inexpensive and 

abundant materials.
4,5

  

Hence, it seems complicated to find the ideal semiconductor material for PEC water 

splitting. Although many materials have been studied by several groups, and their PEC 

performance has been improved by adding of different catalyst or heterojunction 

formations, mechanisms such as charge transfer processes have not yet been completely 

understood. 
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The aim of this thesis is to analyze the charge transfer processes at the semiconductor-

electrolyte interface and study the influence of the intrinsic semiconductor nature on 

surface processes. In chapter I, the concept of PEC water splitting is explained in detail; 

also, a description of the electronic structure and properties of semiconductors and recent 

advances are given. 

Chapter II describes the charge carrier dynamics in PEC systems, providing the principal 

basis of these processes, and introduces intensity-modulated photocurrent spectroscopy 

(IMPS) as a useful tool to understand the processes that occur at the 

semiconductor/electrolyte interface. Moreover, a theoretical model to analyze the results 

obtained proposed by Ponomarev and Peters is described in detail. Chapter III describes the 

main objectives of the thesis, and Chapter IV specifies the experimental methods. 

Chapter V contains the results and discussion of several experimental systems that have 

been explored and is divided in 5 sections. First, the synthesis and photoelectrochemical 

properties of p-type copper-bismuth oxide (CuBi2O4) thin films by inkjet printing are 

evaluated. In the second section, a study of charge transfer and surface recombination as 

function of the applied potential and thickness of screen-printed, n-type tungsten trioxide 

(WO3) photoanodes are examined. The next section addresses the understanding of the 

fundamental processes taking place at n-type copper tungstate (CuWO4) photoelectrodes 

during water oxidation. The photoresponse enhancement due to the coupling with bismuth 

vanadate (BiVO4/CuWO4) is also reviewed. In the fourth section of chapter V, an insight 

into the charge transfer processes at BiVO4/WO3 with a sandwich-type structure is 

evaluated. In the last section, surface processes at the semiconductor/electrolyte and the 

semiconductor/catalyst/electrolyte interface for hematite (-Fe2O3) and hematite doped 

with tin (Sn:-Fe2O3) are shown to have a comprehensive role of catalyst on photoelectrode 

performance. General conclusions and outlooks are summarized in chapter VI. 

.
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Chapter I  
 

I. Background 

A general context of photoelectrochemical water splitting, the basis of semiconductor 

theory and the state of the art of the semiconductor materials synthesized in this work are 

described in this chapter.  

I.1. Electrolysis of water 

The electrolysis of water is defined as the breaking of water molecule into their 

components, hydrogen (H2) and oxygen (O2). In order to enhance the low conductivity of 

pure water, it is necessary to dissolve an acid, salt or base to form an electrolyte solution.
6
 

 

Figure I. 1. Illustration of the principal basis of water electrolysis. 

Thermodynamically, this reaction is not spontaneous, implying that energy must be added 

to the system to break the bonds and produce hydrogen. In order to split water, two 

electrodes must be connected to a power source and placed into water. By applying a 

sufficiently high potential between the electrodes, thermodynamic and kinetic barriers are 

overcome to produce hydrogen at the cathode, where the electrons are transferred to the 

electrolyte solution, and oxygen at the anode, where electrons are collected and travel 

through the external circuit
6
, as schematically shown in figure I.1.  
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The overall reaction of water splitting can be written as follows:  

 

Overall reaction 

 

2𝐻2𝑂 ↔ 2𝐻2 + 𝑂2            𝐸𝑜 = 1.229 𝑉 𝑣𝑠 𝑁𝐻𝐸 

 

 

(eq. I.1) 

This process corresponds to an oxidation-reduction reaction where two half-reactions occur 

separately. If the electrolyte solution is acidic (pH = 0), the oxidation and reduction 

reactions are expressed as follows
6–8

: 

Cathodic 

reaction 

4𝐻+ + 4𝑒− ↔ 2𝐻2                  𝐸𝑟𝑒𝑑
𝑜 = 0.000 𝑉 𝑣𝑠 𝑁𝐻𝐸 (eq. I.2) 

Anodic 

reaction 

2𝐻2𝑂 ↔ 𝑂2 + 4𝐻+ + 4𝑒−       𝐸𝑟𝑒𝑑
𝑜 = 1.229 𝑉 𝑣𝑠 𝑁𝐻𝐸 (eq. I.3) 

When the pH of the electrolyte solution is basic (pH=14), both reactions can be written as 

follows: 

Cathodic  

reaction 

2𝐻2𝑂 + 4𝑒− ↔ 𝐻2 + 4𝑂𝐻−                𝐸𝑟𝑒𝑑
𝑜 = −0.828 𝑉 𝑣𝑠 𝑁𝐻𝐸 

 

(eq. I.4) 

Anodic  

reaction 

4𝑂𝐻− ↔ 2𝑂2 + 4𝑒− + 2𝐻2𝑂                  𝐸𝑟𝑒𝑑
𝑜 = 0.401 𝑉 𝑣𝑠 𝑁𝐻𝐸 (eq. I.5) 

  

As can be observed, the reactions change as a function of the medium, which is related to 

the concentration of the ions found in the solution. As a consequence, in acidic media, H
+ 

ions present a higher activity than OH
-
 ions, while the opposite is observed in basic media. 

The Nernst equation (equation I.5) defines the influence of the pH on the standard potential 

(E
0
) of the reactions: 

𝐸0 = 𝐸𝑒𝑞𝑢
0 +

𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝑎𝑜𝑥

𝑎𝑟𝑒𝑑
) 

(eq. I.6) 

Where E
0
 correspond to the standard potential, E

0
equ is the standard equilibrium potential, 

the universal gas constant R = 8.314 J/ (mol
.
K), T is the absolute temperature, the Faraday 

constant F = 96485 C/mol, n is the number of transferred electrons per ion, and aox and ared 
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the activity of the oxidized and reduced species, respectively. If standard conditions are 

considered (T = 298 K), the equilibrium potential of H
+
/H2 is expressed as

8
:  

𝐸𝐻+/𝐻2

0 = 𝐸𝑒𝑞𝑢𝐻+/𝐻2

0 + 0.059𝑙𝑛 (
𝑎𝐻+

𝑎𝐻2

) 

 

(eq. I.7) 

Assuming that the solution is saturated with H2, aH2 is equal to 1. As the pH is defined as 

the negative logarithm of the activity of H
+
 the equation can be also written: 

𝐸𝐻+/𝐻2

0 = 𝐸𝑒𝑞𝑢𝐻+/𝐻2

0 − 0.059𝑝𝐻 

 

(eq. I.8) 

Thus, the equilibrium potential of H
+
/H2 shifts by 0.059 V per pH unit. The same behavior 

it is observed for the equilibrium potential of OH
-
/O2. For this reason, to compare the 

activity of different materials in different electrolytes, the potential should be expressed 

versus the reversible hydrogen electrode (RHE), which takes in consideration the pH 

influence.  

𝐸𝑅𝐻𝐸
0 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙

0 + 0.059𝑝𝐻 (eq. I.9) 

Where E
0

Ag/AgCl is 0.1976 V at 25 °C. 

The water splitting process is endothermic and endergonic with an enthalpy (ΔH°) of 285.9 

kJ/mol and Gibs free energy (ΔG°) of 237.2 kJ/mol. In order to be able to scale up water 

electrolysis and produce hydrogen, some energy must be applied to the electrolyzer. For 

this reason, many research groups focus on renewable energy thus accepting the challenge 

to develop the ideal semiconductor capable of absorbing sunlight to split the water 

molecule and obtain hydrogen by a green and sustainable method.
9–11

 

I.2. Photoelectrochemical (PEC) water splitting 

Solar water splitting is a green method where hydrogen and oxygen are produced from an 

aqueous solution, transforming the solar spectrum into chemical energy required for the 

redox reaction to take place. There are two main variants of water splitting processes
12

: the 

first is called photocatalytic water splitting, (fig II.2a) where a semiconductor in powder 

form is dispersed in an aqueous electrolytic solution; the suspension is irradiated with 

sunlight to decompose H2O. The second way (fig II.2b) is known as photoelectrochemical 
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(PEC) water splitting: at least one of the electrodes is fabricated using a photoactive 

semiconductor. Subsequently, two electrodes are immersed in an aqueous solution, and the 

difference of potential generated between the electrodes when they are illuminated, should 

be enough to produce charge carriers and split the water molecule.  

Although there are some significant differences, both configurations need a suitable 

semiconductor capable of absorbing photons efficiently and photogenerating charge 

carriers, which have sufficient energy to perform the oxygen evolution reaction (OER) and 

hydrogen evolution reaction (HER)
13

. Some design aspects of photoelectrodes design will 

be discussed in detail in the following chapters.  

 

 

Figure I. 2. Schematic of different architectures for solar-driven water splitting a) photocatalytic 

configuration and b) photoelectrochemical configuration.  

In 1972 the concept of water splitting was demonstrated by Fujishima and Honda.
14

 

Titanium dioxide (TiO2) photoelectrodes were placed in water and illuminated with UV 

light to produce H2. For the first time the idea to develop a TANDEM system capable to 

electrolyze water was considered around the world.  

A PEC water splitting system configuration present three main variations
13

 (figure I.3): (i) a 

photoanode coupled with a catalytic cathode, (ii) a photocathode couple with a catalytic 

anode, and (iii) a photoanode coupled with a photocathode. In the first two cases, the 
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photoelectrode must fulfill the energetic requirements; this means that generated carriers 

must be aligned to the OER and HER potentials. For the last case, since both electrodes are 

made with photoactive semiconductors, each half-reaction should take place at the suitable 

photoelectrode.  

It is important to note that any configuration requires a direct connection between both 

electrodes in order to complete the circuit and allow charge transfer process to take place. 

In a metal-semiconductor contact (first and second case) it is not necessary to apply any 

external bias to make the device work, and the current density is determined by the 

performance of the photoelectrode.  When two photoactive semiconductors are placed into 

the system, both electrodes supply a photocurrent and the working point of the overall 

device is related to the internal potential where the same photocurrent is observed in both 

electrodes
13,15

. If both electrodes are characterized separately, the working point of the 

system corresponds to the intersection point between the two current-voltage curves. 

 

Figure I. 3. Photoelectrochemical water splitting systems using a) n-type semiconductor 

photoanode, b) p-type semiconductor photocathode, and c) tandem system.  

As all systems mentioned above present a variety of difficulties, another configuration that 

has been used is by combining a photoelectrode with a solar cell. The Grätzel research 

group has connected two photosystems in series: a thin film of nanocrystalline WO3 and a 
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dye-synthesized solar cell, where the WO3 film absorbs the blue part of solar spectrum 

while the solar cell absorbs the green and red part of the solar spectrum.
16

 

From the above, it is clear that semiconductors are the main key to scaling up solar water 

splitting. Their unique properties will be exposed in the next section. 

I.3. Semiconductor fundamentals  

A semiconductor is defined as a material with a conductivity that increases when the 

temperature increases. Compared with metals, semiconductors present an opposite 

behavior
17

. These materials are also defined as substances whose electrical properties are 

between those of metals and insulators.
18

 These differences are related directly to their 

electronic band structure.  

I.3.1. Band theory 

The properties of semiconductors can be described as a function of their electronic 

structure, which can be described qualitatively with Molecular Orbital theory.
17,19,20

 In a 

solid structure, the overlapping of the atomic orbitals (AO) creates several molecular 

orbitals (MO) with a minimal energy difference. When this effect is summed across an 

infinite crystal structure, the spacing between the energy levels becomes very small 

resulting in finite energy bands, the valence band and the conduction band. 

 In terms of molecular orbital theory, the overlapping of two AO produces a bonding 

molecular orbital and one antibonding molecular orbital. As there are a very large number 

of atoms in a solid, the MO number is also very large, which causes the simplification 

where MOs with similar energy are no longer observed as orbitals but simply as a 

continuous band. The energy levels filled by electrons are part of the valence band (VB) 

while the conduction band (CB) is associated to the empty levels
21

. The separation between 

those bands is known as the band gap, describing the energy space where there are no 

electronic energy levels. 

With the help of the concept of the band gap, solid materials can be classified in three 

different classes (figure I.4). In case of metals, the VB is completely full while the CB 

overlaps, and is partially filled. As consequence, electrons easily flow through the crystal 

and present good conductivity properties. An opposite situation is observed for the insulator 
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structure, where a large band gap (Eg) is found between the VB and CB. With the VB 

completely filled there are no empty levels close in energy, hence, electrons cannot freely 

flow, resulting in a low conductivity. Lastly, the semiconductor structure presents an 

intermediate point between metals and insulators; their band gap is smaller than for 

insulators. Hence, at room temperature, there are sufficient electrons in the CB and holes in 

the VB to result in an intermediate conductivity. In addition, if it is applied an energy larger 

than Eg (via illumination or other means), additional electrons can be promoted from the 

VB to the CB generating a large density of mobile carriers. The conductivity is further 

directly related to the charge carrier mobility.
17,19,22

 

 

Figure I. 4. Band diagram comparison of different solid materials: metals, semiconductor and 

insulator materials.  

It has been demonstrated that the conductivity of a semiconductor increases by 

doping.
13,20,23

 Semiconductor materials are classified in two groups: intrinsic 

semiconductors, which do not include any doping agents in their structure, and extrinsic 

semiconductors where impurities are incorporated into the structure in order to tailor the 

electrical properties. In general, intrinsic semiconductors have a low conductivity as a 

consequence of a low mobile carrier density. When an impurity is incorporated into a 

semiconductor structure that needs an additional valence electron, the semiconductor 

behavior is classified as “p” type, where p comes from positive. In this case, the extra 
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needed valence electron is taken from the valence band of the semiconductor, thus leaving 

a hole as mobile charge carrier. However, when the doping agent has one extra valence 

electron, it can donate this electron to the conduction band as a mobile charge carrier; the 

semiconductor is called “n-type”, where n comes from negative
17,19,24

. Figure 1.5 shows a 

schematic representation of the respective band diagrams.  

In addition to affecting the conductivity, dopants or other impurities can also affect the 

chemical, optical and magnetic properties of the semiconductor, such as absorption and 

photoconductivity. The effect is sometimes desirable, but it can also be unwanted; for 

example, impurities may act as recombination centers, especially if the donor/acceptor level 

is close to the middle of the band gap. It is important to keep these aspects in mind when 

doping semiconductors for different applications
25,26

. 

 

Figure I. 5. Band diagram of semiconductor types: intrinsic, n-type and p-type. 

The Fermi-Dirac function represents the electron behavior in a solid. This model 

determines the probability that an electron occupies an electronic state with an energy E at 

a certain temperature T: 

𝑓(𝐸) =
1

1 + exp (
𝐸 − 𝐸𝐹

𝑘𝑇
)
 

(eq. I.9) 

Where k is the Boltzmann constant and EF the Fermi level which is defined as the 

electrochemical potential of electrons in a semiconductor. Also, EF corresponds to the 
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energy at which the probability of occupation by an electron is 0.5. For an ideal intrinsic 

semiconductor at T = 0 K, the VB is completely filled, while the CB is empty. Hence, the 

Fermi energy is in the middle between VB and CB. If the temperature increases, a fraction 

of thermally excited electrons is promoted to the CB, which is shown in the Fermi-Dirac 

distribution. 

Electronic structure helps to determine parameters such as Eg, density of states (DOS) and 

number of carriers.
17,23,25

 DOS corresponds to the number of states per interval of energy at 

each energy level available to be occupied.
18,19

 Theoretically, at energies in the band gap, 

the DOS is equal to zero. For semiconductor materials, the number or holes (Np) and the 

number of electrons (Ne) can be described according to the Boltzmann function because the 

DOS is low and, in that case, Fermi-Dirac model can be approximated by the Boltzmann 

equation.
27

 From the density of states in the valence and in the conduction band, the density 

of holes p and the density of electrons n can be calculated respectively by: 

𝑛 = 𝑁𝑐exp (
𝐸𝐶 − 𝐸𝐹

𝑘𝑇
) 

(eq. I.10) 

𝑝 = 𝑁𝑣exp (
𝐸𝑣 − 𝐸𝐹

𝑘𝑇
) 

(eq. I.11) 

Nv and Nc are the effective densities of states in the valence and the conduction band, and 

Ev and EC are the energy levels of the valence and the conduction band, respectively. For an 

intrinsic semiconductor the density of holes is equal to the density of electrons and can be 

expressed as follows:  

𝑛 ∙ 𝑝 = 𝑛𝑖
2 =  𝑁𝑐𝑁𝑣exp (−

𝐸𝑔

𝑘𝑇
) 

(eq. I.12) 

Where ni is the number of holes or electrons in the intrinsic semiconductor. In case of 

extrinsic semiconductors, the number of electrons and holes depend on the dopant 

concentration.  

I.3.2. Optical properties 

The optical properties of semiconductors provide essential information on the electronic 

structure since through light absorption Eg can be determined. When the energy of incident 

photons is higher than Eg, the optical transitions result in an increase in the absorbance. 

Optical transitions can be direct or indirect (figure I.6): direct transitions are defined as 
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transitions where the highest energy band of the valence band is at the same wave vector k 

as the lowest CB energy levels. In case of indirect transitions, the VB maximum and CB 

minimum are located at different k. As consequence, direct transitions are possible when 

the electrons are excited with photons. However, in case of indirect transitions, additional 

to the photon energy, vibrations on the crystalline network are needed to promote the 

electrons from the VB to the CB.
18,19,28

  

 

Figure I. 6. Optical transitions of semiconductors that present a) direct and b) indirect band gap.  

Using UV- Vis spectroscopy, Eg can be determined.
18

 Assuming that the graphs E vs k have 

a parabolic shape, the absorption coefficient () can be expressed as:  

𝛼 =
𝐴(ℎ𝜐 − 𝐸𝑔)𝑚

ℎ𝜐
 

(eq. I.13) 

Where A is a constant and m depends on the optical nature of the transition: when the 

nature of the transition is direct m is equal to 1/2 while when its nature is indirect m is equal 

to 2. The results can be analyzed using Tauc graph, where (h)
m

 is plotted against h. A 

linear extrapolation until the intercept with the x axis proportions a value for Eg. 

I.4. Electrolyte-semiconductor interface  

In general, when two materials of different Fermi energy are brought into contact, a charge 

transfer process takes place until equilibrium is reached. The same situation it is observed 

in PEC systems where the semiconductor electrode is immersed into an electrolyte solution 
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with a redox couple dissolved. The redox pair is composed of oxidized (Ox) and reduced 

(Red) species in equilibrium: 

 𝑂𝑥 + 𝑧𝑒− ↔ 𝑅𝑒𝑑             (eq. I.14) 

with z the number of electrons involved in the redox reaction.  

When an electron is captured by the oxidized species forming the reduced species, the extra 

electron results in a change in the electrostatic interaction with the polar solvent (water); the 

negative pole of the solvent turn away from Red causing the potential energy to be smaller 

than that of Ox compared to vacuum level
17,24,27

: 

2𝜆 = 𝐸𝑜𝑥 − 𝐸𝑟𝑒𝑑 (eq. I.15) 

Where  corresponds to the reorganization energy of the solvation shell. Considering not 

discrete energy levels, Gerischer
29

 defined the probability W of finding an Ox or Red 

species with energy E: 

𝑊 =  exp (
(𝐸𝑡 − 𝐸)2

4𝜆𝑘𝑇
)√

1

4𝜋𝜆𝑘𝑇
 

(eq. I.16) 

Where Et corresponds to the medium energy of the Ox or Red specie. 

When a semiconductor gets in contact with the electrolyte solution, charge transfer 

reactions take place until thermodynamic equilibrium is reached, and EF of the 

semiconductor equals the redox potential in the electrolyte. A charged interphase is created, 

resulting in potential drops both in the semiconductor and the electrolyte solution.  

The region at the semiconductor-electrolyte interface can be divided in three zones (figure 

I.7): (i) a space charge region situated in the inner part of the semiconductor related to 

ionized, localized donor atoms 
30–34

; (ii) the Helmholtz layer located between the solid 

surface and the outer Helmholtz plane (OHP), where ions are distributed uniformly to 

compensate the electric charge in the interface region of the semiconductor; and (iii) the 

diffuse double layer or Gouy-Chapman region where the remaining electrical charge is 

compensated in a diffuse distribution.  
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Figure I. 7. Illustration of electrolyte-semiconductor interface of an n-type  semiconductor. The 

inner Helmholtz plane defined by the distance between the surface and the absorbed solvent or 

other ions. 

The interface can be represented as a series of capacitances (CH, CSC, CGC) in series that 

correspond to the capacitance of each region. Considering a high electrolyte concentration, 

CGC can be neglected, implying that the total capacitance is dependent on CH and CSC: 

1

𝐶
=

1

𝐶𝐻
+

1

𝐶𝑆𝐶
 

(eq. I.17) 

Two different situations can be distinguished: 

 If CSC >> CH, an applied potential will be dropped over the Helmholtz layer, 

implying that the Fermi level of the semiconductor does not change, i.e. is pinned. 

In this case, when an external bias is applied, the charge carrier concentration does 

not appreciably change, indicating that the Fermi level is fixed in relation to the 

band edges. 

 If CH >> CSC, an applied potential will be dropped over the space charge layer 

(SCR) in the semiconductor, implying that the Fermi level of the semiconductor 

shifts with external bias, resulting in a change of the charge carrier concentration at 

the surface; in this situation, the potential over the Helmholtz layer does not 
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change, implying that the band edge levels are pinned. The external bias provokes a 

shift on the Fermi level in reference to the band edges in the semiconductor bulk, 

but the edges do not change their position at the surface.  

In the space charge region (SCR), also called depletion layer, a potential difference exists 

between the semiconductor bulk and surface (ΔϕSC)
27

, resulting in a driving force for 

charge carriers and a different electron density at the surface than in the bulk. In 

equilibrium the band bending in case of n-type semiconductors results from an excess of 

positively charged donors provoking an “upward” band banding, which is compensated by 

anion accumulation in the electrolyte solution at the surface. An opposite situation is 

observed in p-type semiconductors, where the Fermi level is below the redox potential of 

the electrolyte, implying that the band bending that develops is “downward”.
17,24,29,35,36

 The 

band bending diagram for n-type and p-type semiconductors are illustrated in figure I.8. 

  

Figure I. 8. Energy diagram of a semiconductor and a redox electrolyte before and in equilibrium 

for an a) n-type semiconductor and b) p-type semiconductor. 
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The flat band potential (Efb) is referred to the condition when a semiconductor in contact 

with another material is not polarized in the interfacial region. At this condition, the 

conduction and valence bands are flat and no electric field acts on the charge carriers.
26

 It is 

important to mention that all these phenomena are held under dark conditions, if the 

semiconductor is illuminated additional effects are observed. 

I.5. Current- potential curves 

At equilibrium, the Fermi level in the semiconductor is equal to the redox potential in the 

electrolyte solution, and a band bending exists resulting in a lower concentration of 

majority carriers at the surface, ns, than in the bulk, nb: 

𝑛𝑠 = 𝑛𝑏 𝑒(
−𝑒𝑉𝑆𝑐

𝑘𝑇
)  

(eq. I.17) 

where eVsc corresponds to the band bending, and ns and nb generally correspond to the 

density of electrons in an n-type semiconductor, whereas ps and pb are used for the hole 

density in p-type semiconductors; note that the sign of eVsc is positive in eq. I.17). 

If a positive potential is applied (reverse bias), the Ef in the semiconductor moves 

downward relative to the solution redox level, and the electron density at the surface 

decreases; electron flow from the redox system to the semiconductor becomes 

thermodynamically possible, however, a large barrier exists for the electrons to be injected 

in to the CB, resulting in a very small, positive current. On the other hand, if a negative 

potential is applied (forward bias), the band bending decreases and electron flow from the 

semiconductor to the oxidized species in the electrolyte becomes thermodynamically 

possible. The current will increase as the potential is made more negative and the 

concentration of electrons at the surface rises. Hence, the current – potential curve is 

characterized by a forward regime, where the current increases exponentially with applied 

potential, and a reverse regime, where the current is very small.  

Under illumination, electron-hole pairs are produced in the semiconductor. Under open 

circuit conditions, the Fermi level rises by the amount of the generated internal 

photovoltage (ΔVphoto). Since there is no thermodynamic equilibrium in the space-charge 

region anymore, the concept of quasi Fermi energies is applied, which describes the 
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electrochemical potential of photo-generated electrons EF,n and holes EF,p separately 

(equations I.18 and I.19 respectively). Those photo-generated charge carriers can be 

separated across the space charge layer, or they may recombine.  

𝐸𝑓,𝑛 = 𝐸𝐶 + kT ln(
𝑛

𝑁𝐶
)   (eq. I.18) 

𝐸𝑓,𝑝 = 𝐸𝑉 + kT ln(
𝑝

𝑁𝑉
)   (eq. I.19) 

 

Where EC and EV are the energies of the conduction and valance bands respectively, n and p 

the concentration of the majority charge carrier and NC and NV the density of states in the 

conduction and valance bands, respectively.  

Under illumination, the majority carrier concentration is not significantly affected (under 

low injection conditions), however, if the generated electron – hole pairs are efficiently 

separated, a minority carrier flux toward the surface, and subsequent transfer to the solution 

can be achieved. If the charge separation efficiency is not a function of applied potential, a 

minority carrier flux proportional to the photon flux, i.e. light intensity, can be obtained. 

The net current across the illuminated semiconductor/electrolyte interface is constituted by 

the current due to the reactions involving photogenerated minority carriers as well as 

majority carriers. The Gärtner equation calculates the current - potential curves for an ideal 

semiconductor/electrolyte interface. In this model, recombination in the space charge layer 

and at the surface is neglected; however, in real systems, recombination is often important. 

Specifically, in the potential regime where the band bending is not sufficiently large, 

surface recombination may occur, effectively preventing a photocurrent to be observed. 

Consequently, the onset of the photocurrent shifts to potentials further into to reverse 

regime, until the surface density of majority carriers is so low that surface recombination 

becomes negligible. Additionally, OER and HER are slow processes where there are some 

adsorbed intermediates making this model not ideal for describe the photoelectrode 

behavior. Figure I.9 shows the theoretical curves for an ideal n-type semiconductor in dark 

and under illumination. 
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Figure I. 9. Current-potential curves for an n-type semiconductor in the dark (blue line) and under 

illumination. The red line corresponds to the theoretical curve of an ideal n-type semiconductor 

under illumination while the green dotted line represents a realistic curve of an n-type 

semiconductor. The difference between both curves is due to surface recombination and a possible 

shift of the band edges. Adapted from Ref. 
37,38.    

 

On the other hand, if recombination occurs in the SCR or at the surface, the steady state 

photocurrent voltage plots will deviate from the ideal form. When the electrode is 

illuminated, minority carriers are photogenerated; then, they move to the interface 

generating an instant current related to a change in the CSC. The flux of minority carriers to 

the surface may be accompanied with trapping of charge at the surface, for example, related 

to partial oxidation or reduction of the surface: this leads to a change in the electrostatic 

equilibrium at the interface, and a shift of the band edges. This effect in general also leads 

to a shift of the onset potential of the photocurrent further into the reverse regime.  

As a consequence of these effects, a typical current – potential curve of an n-type 

semiconductor is also observed in figure I.9, indicating the importance of the balance 

between all possible processes under illumination. The onset potential and the photocurrent 
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that can be achieved are both key parameters for the efficiency of solar water splitting of a 

certain material. In order to improve the photocurrent, charge separation should be very 

efficient, and in order to obtain an onset potential as far as possible towards the forward 

regime, surface recombination and charge trapping should be minimal; this also depends on 

the rate of the charge transfer processes – if charge transfer is very fast, these processes 

may be minimized.  

For a p-type semiconductor, all the same principles hold, and the current – potential curve 

exhibits the same features. However, in this case the forward current is positive, and is 

observed at positive potentials, while the reverse region is characterized by a negative 

photocurrent plateau, i.e., the graphs are essentially the graph for an n-type electrode 

rotated by 180 degrees. 

 

I.6. Photoelectrode design 

Although many materials present photoactivity just a few of them fulfill with the 

requirements to be used as photoelectrode for PEC water splitting. Two of the most 

important requirements are directly related to their electronic structure: Eg must be larger 

than the enthalpy of water electrolysis and the redox potentials of each half-reaction must 

be aligned with the band edge positions; CB must be positioned at higher energy than the 

hydrogen evolution redox energy, while the VB must be at lower energy than the oxygen 

evolution redox energy. If these requirements are satisfied, in principle, when the 

semiconductor absorbs photons, an electron will be promoted from the VB to the CB, 

which is energetically allowed to reduce the water molecule and the hole can be transferred 

for the water oxidation reaction.  

In order to improve the OER and HER efficiency, other parameters need to be optimized. 

In section I.3.2, the optical absorption concept was introduced. If the semiconductor band 

gap is small, photogeneration is high; however, the reaction rates may be low. In order to 

allow for overpotential losses for both reactions, the ideal value of Eg is around 1.6-2.0 

eV.
13,

 
23,40  Figure I.10 shows the band edge positions and the Eg of different 

semiconductors used for water splitting at pH = 0. 
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Figure I. 10. Bandgap energy of n-type (purple) and p-type (red) semiconductor materials used for 

solar water splitting. The potential is expressed respect to the reversible hydrogen electrode. Source 

Ref. 
39

. 

Chemical stability is necessary for a long performance lifetime in an aqueous environment. 

If the semiconductor material presents corrosion or photocorrosion, the electrons or holes 

photogenerated would be used to reduce or oxidize the electrode, not to drive the water 

splitting reactions, and the electrode will deteriorate with time. The use of acidic or basic 

media might cause collateral reactions, implying that the choice of the electrolyte should be 

carefully analyzed for each semiconductor material. 

Once the main requirements of the photoelectrodes are defined, it is important to determine 

if the electrodes will act as photoanode or photocathode. The minority carriers are involved 

in the respective water splitting reaction: holes (h
+
) are the minority carriers of an n-type 

semiconductor, resulting in the OER and an anodic current; the electrons migrate to the 

bulk due to the electric field in the SCR. For a p-type semiconductor, electrons are the 

minority carriers, and are responsible for the HER and a cathodic current; the holes migrate 

to the bulk as it will be explained in section II.  



 

 
22 

I.6.1. Photocathodes 

As mentioned before, p-type semiconductors constitute the photocathodes. Due to the 

metallic vacancies that act as VB electron acceptors, mixed oxides are often used as 

photocathodes. The choice of p-type photocatalysts, however, is much more limited than n-

type  photocatalysts principally related to the observation that p-type semiconductors are 

often unstable in contact with an electrolyte solution.
40

  

Oxides such as NiO,
41–43

 Cu2O,
44–47

 CuO,
48–50

 CaFe2O4,
51–53

 CuFeO2
30

 and CuBi2O4
54–56

 are 

some examples of the most studied p-type oxide materials.  Other non-oxide materials have 

been extensively studied and employed as photocathodes, including Si, GaAs, InP, GaP, 

nitrides, etc., however, due to their abundance, low cost, and wide variety of mixed 

compounds, this work is focused on mixed oxides.  

Related to its high theoretical STH efficiency of around 18%
57

, Cu2O is one of the most 

studied oxides. It presents an Eg of 1.9-2.2 eV, indicating a good absorption of the solar 

spectrum.
33,44,57

 Unfortunately, this oxide presents a low stability under illumination in 

aqueous solution both cathodically, attributed to the reduction potential of Cu, and 

oxidatively vía oxidation to CuO.
58

 To improve its performance and stability, several 

strategies such as change in morphologies, addition of protecting layers or co-catalysts have 

been explored, 
45

 however, stability is still low.  

Mixed oxides are a suitable option to resolve stability issues. Some of these oxides 

crystallize in a structure delafossite structure with a general formula of ABO2. In this 

structure, oxidation states of A and B are +1 and +3, respectively. CuCrO2,
59–61

 CuGaO2,
46

 

CuFeO2
62

 and CuRhO2
63

 are some delafossites that are applied in PEC water splitting. 

Mixed oxides can also crystallize as perovskites
64

 (ABO3), ABO4 or A2B2O7, which have 

shown a promising  photocatalytic activity.  

Spinel structures present a general formula of AB2O4. As these materials can present a p-

type behavior and have a narrow band gap, their use as photocathodes are also being 

studied. Compounds such as CaFe2O4 and CuBi2O4 are some examples. CuBi2O4 is an 

attractive p-type semiconductor that presents a higher photoactivity than TiO2 under visible 

light. Previous reports on CuBi2O4 films have illustrated its attractive properties for PEC 

applications. 
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I.6.1.1. CuBi2O4 

Copper Bismuth Oxide (CuBi2O4) is an attractive p-type semiconductor, which meets the 

most important requirements to be used as photocathode for PEC water splitting. This 

oxide crystallizes as a spinel with a tetragonal structure with lattice parameters a = b = 

8.500– 8.511 Å, c = 5.814–5.823 Å, Z = 4, and space group P4/ncc.
55,65

 In the structure 

(figure I.11), Cu ions are connected to four O atoms to form CuO4 planes stacked along the 

c axis while the Bi ion is bonded with six O atoms. Density functional theory (DFT) 

calculations show that the CB consists of Cu 3d orbitals while the VB contains the O 2p 

orbitals. Intrinsic defects associated to Cu vacancies generate free holes in the VB, 

accompanied by a shift of the Fermi level closer to the VB, corresponding to the p 

character.  

 

Figure I. 11. CuBi2O4 crystal structural as viewed a) along the c-axis and b) at an arbitrary angle. 

Bi, Cu and O atoms are represented with blue, orange and red spheres, respectively. Source: Ref 
65

 

Arai Takeo and coworkers demonstrated that, due to its characteristics, this oxide can be 

used as photocathode for PEC water splitting. CuBi2O4 has a positive photocurrent onset 

potential up to 1 V (RHE), and an Eg of 1.5-1.8 eV,
54–56

   illustrating the potential to absorb 

a large part of the solar spectrum.
66,67

 The conduction band minimum is estimated to be 

located at a more negative potential than the thermodynamic potential for water reduction 

enabling solar H2 production, and its valence band maximum is located at a much more 

positive potential than that of other semiconductor materials, such as Si and p-type 
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Cu2O.
56,66,68 Thin films have been synthesized using a variety of techniques such as drop 

casting, electrodeposition, spray pyrolysis and spin coating where their photocatalytic 

activity has been shown. Despite the high theoretical photocurrent of CuBi2O4 films of 20 - 

30 mA cm
-2

, the observed photocurrent density of the films has been significantly below 

this limit. It has been shown that film porosity, morphology, incomplete substrate coverage 

and film thickness are some of the factors that affect the PEC response. In addition, (n-

type) fluorine-doped thin oxide (FTO) is generally used as substrate for CuBi2O4 films, 

which may negatively affect the PEC performance. Recently it has been shown that the 

photocurrent can be significantly increased by using a forward gradient self-doped CuBi2O4 

photoelectrode and adding H2O2 as an electron acceptor;
47

 of course, in this case, hydrogen 

is not generated. 

To enhance the photoelectrochemical performance, the formation of junctions such as 

SnO2/CuBi2O4,
69

 BiVO4/CuBi2O4,
70

 WO3/CuBi2O4,
71

 and CuO/CuBi2O4
67

 have been 

analyzed. However, although some important parameters have been determined by previous 

groups, the charge transfer and recombination processes and kinetics have not been well 

established yet. 

I.6.2. Photoanodes 

Photoanodes are composed of n-type semiconductors. Metal oxides with oxygen vacancies 

in their structure present donor sites that provide the n-type character. Photoexcited holes 

are transported to the interface in order to oxidize the water molecule. The disparity 

between the oxygen-centered VB and the OER potential at 1.23 V vs NHE presents a major 

challenge for the development of high-performance photoanode materials. Regrettably, few 

semiconductors satisfy all requirements of electronic structure and stability. 

Several metal oxide materials meet several of the requirements to be tested as photoanodes 

for water oxidation. The redox-active metal ions in metal oxide photoanodes can include 

early transition metals, as well as d
10

 configuration ions. Additionally, group 1 through 3 

metal ions can be added as inert components to help to produce specific crystal structures.
72

 

TiO2 is one of the most studied oxide photoanodes for multiple applications, including 

water oxidation. Although its band gap is relatively high (3.0 - 3.2 eV), this non-toxic oxide 

presents good chemical stability in both acidic and basic media.
73,74

 However, TiO2 suffers 
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a high recombination rate and very limited light absorption. Modifications such as the 

addition of dopants
75–77

, morphology changes
75,78–80

 or conversion to titanates
81–84

 have 

been tried to improve the performance.  

In order to find alternatives to TiO2 that harvest sunlight more efficiently, materials such as 

WO3, CuWO4 and -Fe2O3 and their combinations have been studied. All these materials 

have a lower Eg and have demonstrated that their visible light absorption ability is better 

than TiO2. Other groups that are promising candidates are the bismuth based oxides;
85

 their 

electronic structure comprises of Bi 6s orbitals O 2p orbitals in the valence band, while the 

valence band of other metal oxides generally consists of O 2p orbitals only. This electronic 

band structure results in an Eg significantly smaller than 3 eV. One of the most studied 

oxides is BiVO4, which presents remarkable optical absorption properties. 

I.6.2.1. WO3 

Tungsten trioxide has been used in a variety of applications such as electrocatalysis
86–88

, 

gas sensors,
89–91

 electrochromic material
92–94

 and as photoanode for PEC water splitting
95–

97
. The VB is aligned with the water oxidation potential and WO3 has an Eg of about 2.7 

eV.
98,99

 It has been reported that WO3 crystallizes in different phases, but the monoclinic 

structure is the most active for OER. The unit cell for monoclinic structure is shown in 

figure I.12 and consists of 8 W atoms and 24 O atoms, where W is hexa-coordinated with O 

atoms.  

 

Figure I. 12. Unit cell of monoclinic WO3. The red and blue circles represent O and W, 

respectively. Source: Ref. 
100
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Butler and co-workers
101

 showed that WO3 can be used as a photoanode for OER. Since 

that moment, several different methods have been reported to synthesize the material in 

powder form and films. Mesoporous and compact films have been obtained by 

solvothermal
88,97,102,103

, screen-printing,
104

 electrophoresis,
105

electrodeposition,
106–108

 etc. 

WO3 presents a moderate hole diffusion length (150 nm) and good electron transport 

properties, which helps achieving good charge extraction and low recombination rates. 

Unfortunately, it only can utilize 12% of solar spectrum and it presents a low stability in 

neutral solutions;
109

at pH > 4, the interaction with the OH
-
 ions dissolves the oxide. 

Additionally, the material suffers from photocorrosion when the water oxidation reaction is 

taking place. The maximum current density reported is up to 2.5 mA/cm
2
, however, the use 

of electrochemical doping, addition of oxygen vacancies, the formation of heterojunctions 

(WO3/BiVO4, WO3/CuBi2O4) or double-stack configuration have resulted in an 

improvement in photocurrent density. The use of Keggin-type polyoxometallates as water 

oxidation catalyst and Na-doped WO3 resulted in the highest photocurrent reported under 1 

sun illumination for a WO3-based photoanode of 4.5 mA/cm
2
.
110

 One method to overcome 

stability problems in neutral media and low absorption, WO3 can react with Cu
2+

 to obtain 

CuWO4. 

I.6.2.2. CuWO4 

Copper tungstate (CuWO4) is an attractive n-type semiconductor that presents interesting 

photocatalytic properties; the material usually crystallizes in a triclinic structure (figure 

I.13).
111

 The band edges are aligned to the water oxidation potential and the band gap (2.2-

2.4 eV) is sufficiently low to classify it as a promising material that can be used as 

photoanode.
34,112,113

 As this material is generally considered to be an indirect n-type 

semiconductor, a thicker film is necessary for good light absorption. However, for thicker 

films, the photocurrent density may be low due to a low carrier mobility related to trap 

states associated with Cu 3d electrons. The low current density is also associated with 

reduced chemical efficiency and slow surface kinetics. 
113,114
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Figure I. 13. Unit cell of triclinic CuWO4. Cu, W and O are represented by green, blue and red 

spheres, respectively. Source: Ref. 
111

. 

In materials such as -Fe2O3 and BiVO4, the impact of the low carrier mobility has been 

mitigated by the synthesis of thin films, on the order of the carrier diffusion length.
115

 

However, as CuWO4 presents characteristics of an indirect semiconductor, this method is 

not ideal. 

CuWO4 films have been synthesized by spray pyrolysis, electrodeposition, pulsed laser 

deposition (PLD), sputtering, atomic layer deposition (ALD), and more. Diverse studies 

have shown that CuWO4 have better stability in neutral solutions than WO3, as expected.
113

 

For amorphous films, it has been shown that when the composition varies, both Eg and the 

conductivity are affected.
116

 Gaillard and co-workers investigated the effect of thermal 

treatment on the crystallographic and PEC properties of sputtered CuWO4 films and found 

that annealing at 500°C under argon atmosphere resulted in a change in conductivity of the 

material, related to a transition from amorphous to polycrystalline material.
117

  

Strategies to improve the PEC performance includes the incorporation of dopants or 

catalysts like Ag,
115

 Fe,
118

 MnPO,
119

 MnNCN
120

 and Co-Pi
121

 on the surface. Annealing the 

films in an H2 atmosphere has been used to improve the photocurrent density. 

WO3/CuWO4
114,119,122,123

 heterojunctions have demonstrated an increase in charge 

collection efficiency in comparison with the pure phase. CuWO4/ BiVO4
124,125

 displayed a 

shift on the onset potential for water oxidation in NaHCO3 compared to Na2SO4.  

The Hamann group studied the influence of the surface states on CuWO4 electrodes by EIS 

and determined the hole collection efficiency in different electrolytes by IMPS.
126,127

 They 
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concluded that surface states are acting as recombination center principally under water 

oxidation conditions. 

I.6.2.3. BiVO4 

Bismuth vanadate (BiVO4) is considered as one of the most promising oxides for PEC 

water splitting. Although BiVO4 can crystallize in different phases, the monoclinic scheelite 

structure (figure I.14) structure is the most photoactive and has been studied extensively as 

photoanode.
128,129

 The scheelite structure contains  V ions coordinated by eight O atoms 

from eight different VO4 tetrahedral units.
130

 For this phase, the hybridization of Bi 6s and 

O 2p orbitals provoke a shift of the VB edge and reduce the Eg.
128,129,131

 Additionally, an 

increase in the crystal size results in a decrease of band gap and a reduction of the V-O 

bond length, increasing the delocalization of charge carries and increasing O2 production. 

132,133
 Although a good charge separation efficiency has been reported in scheelite BiVO4, 

electron transport is limited due to the reduced overlap between the V3d- V3d and V3d- Bi6p 

orbitals in the CB.
39

 

BiVO4 has a band gap of 2.4 eV and a theoretical maximum Solar to Hydrogen (STH) 

efficiency of 9.2%. The carrier diffusion length for this oxide is 70 nm indicating 

recombination becomes important for thicker films.
134

 BiVO4 has been synthesized by 

different techniques such as spin coating, spray pyrolysis, sol-gel, hydrothermal synthesis, 

ALD, PLD to mention a few. To improve its efficiency, several methods have been used; 

one of this methods consist in replace some V
5+

 ions for W
6+

 or Mo
6+

 in order to increase 

the electronic conductivity and carrier collection.
135,136

 Surface modifications by addition of 

co-catalysts such as CoPi,
137

 FeOOH,
138

 NiOOH
139

 or Zn
140

 have been used to improve the 

PEC response. 
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Figure I. 14. Crystal structure of scheelite BiVO4. The Bi, V and O atoms are in purple, gray and 

red, respectively. Source Ref.
130

. 

The WO3/BiVO4 system have shown a photocurrent density much higher than for bare 

films.139–143 The exceptional light harvesting of BiVO4 combined with the good electron 

conductivity of WO3 make this system as one of the most potential heterojunctions for PEC 

water splitting. The favorable band alignment between both oxides (figure I.15), make 

transfer of photoexcited electrons from CB of BiVO4 to the CB of WO3 possible, followed 

by rapid diffusion to the external circuit, promoted by the higher charge mobility of 

WO3.
141

 Several groups have been investigated this heterojunction, including the 

implementation of a sandwich structure.
142

  

Charge transfer processes have been analyzed with help of IMPS by two groups. Antuch
143

 

and co-workers determined that at voltages smaller than the positive photocurrent onset, the 

IMPS plots represent a p-type semiconductor, indicating that surface states acts as electron 

recombination centers but do not take part of the charge transfer process towards the 

electrolyte. In other work, Zachaus and co-workers
137

 analyze the effect of Co-Pi on BiVO4 

photoanodes, and they conclude that Co-Pi decrease the surface recombination, indicating 

that BiVO4 photocurrent is not limited by surface reaction kinetics but by surface 

recombination. Although charge transfer processes at WO3/BiVO4 heterojunctions have 

been analyzed using ultrafast transient absorption spectroscopy,
144,145

 the role of each phase 

in the system is not yet fully understood.  
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Figure I. 15. Band alignment diagram of WO3/BiVO4 heterojunction. Source: Ref. 
146

. 

I.6.2.4. Fe2O3 

Another interesting oxide semiconductor is Fe2O3, which presents several polymorphic 

phases, being  and  the most studied (figure I.16). In both cases, an octahedral 

coordination of Fe ions is observed. Fe2O3 (hematite) presents a band gap around 2.0 - 

2.2 eV; this implies that it can absorbs 40% of visible spectrum. This material also has 

good stability in aqueous solutions with pH > 3.
147

 However, its small absorption 

coefficient, a low carrier mobility limit
148,149

 and small hole diffusion length
150

 limit its 

application in PEC systems. These problems are due to the compact radius of 3d orbitals, 

which render unpaired spins highly localized resulting in strong overlap with bridging oxo-

ligands.
148

 

To overcome the limitation of -Fe2O3, controlled growth and doping tactics have been 

used; by synthesizing very thin films to correct the short hole diffusion length.
150

 

Morphologies such as dendrimers,
151

 nanorods
152

 and nanotubes
153

 have been shown to 

exhibit improved photocurrent response performance compared to compact films. 

The morphological design of an efficient hematite photoelectrode is essentially an 

optimization between maximizing light absorbance, minimizing the distances required for 



 

 
31 

photoelectron collection, and that of photohole diffusion to the semiconductor-electrolyte 

interface.  

 

 

Figure I. 16. Unit cell of -Fe2O3. Red spheres correspond to oxygen atoms while the blue spheres 

represent Fe atoms. Source: ref: 
154

. 

Substitutional cationic doping in hematite is another strategy to improve its performance in 

PEC water splitting. As an electron donor, the substitution doping of Ti
4+

 at the Fe
3+

 site 

improves the conductivity of the iron oxide and hence the collection efficiency of the 

photoelectrons. Since Zn
2+

-doped hematite has a lower charge density compared to pristine 

hematite, this gives a wide space-charge region that enhances photocharge separation.
155 

Other dopants such as Mg
2+

,
24

 Al
3+

,
25

 and co-doping of Ti
4+

 and Mg
2+

,
26 

have also been 

explored.  

Peter and co-workers studied the charge transfer processes at hematite photoelectrodes and 

the influence of surface states on the electrode performance.
156
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Chapter II 

When a PEC cell is illuminated, electron-hole pairs are produced in the photoelectrode; the 

processes in which charge carriers are involved to carry out the water oxidation/reduction 

reactions will be described in this chapter. Additionally, the use of intensity modulated 

photocurrent spectroscopy (IMPS) to clarify charge carrier kinetics will be discussed in 

detail.  

II. Analysis of charge carrier dynamics in PEC systems 

Three main processes are involved in the water oxidation/reduction reaction. The first 

process consists in generating charge carriers through light absorption. As it has been 

mentioned before, when the photons have an energy higher than the band gap, electron-hole 

pairs are generated. Then, the photogenerated electron-hole pairs must be separated by 

transport where drift is the dominant mechanism. This process takes place in the SCR due 

to the electric field present in this region. In the bulk, diffusion is the predominant process 

and the carrier diffusion length limits carrier transport dynamics. Carriers that are generated 

in the bulk with a distance to the space charge region larger than the carrier diffusion length 

recombine. Charge carriers that are not lost by recombination are transferred from the 

surface to the electrolyte, which is determined by thermodynamics and kinetics for charge 

transfer.  

For an n-type  semiconductor (figure II.1a) holes must be transferred at the interface to 

oxidize water, while for a p-type material (figure II.1b) electrons are the carriers 

transferred. Generally, oxygen evolution kinetics is a slow process because it needs four 

holes. The transfer of these holes does not occur at the same time, implying the presence of 

intermediate processes.  

As the band bending is influenced by the applied bias, charge transfer processes should be 

analyzed at different potentials in order to elucidate the processes taking place. 

Furthermore, the addition of a co-catalyst can produce significant surface modifications that 

could increase the electrode performance by reducing recombination, changing the band 

bending, or speeding up charge transfer. All these processes are not observed in standard 

electrochemical measurements, limiting the understanding of the photoelectrode 
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performance. Intensity-modulated photocurrent spectroscopy (IMPS) is an AC technique 

that can help to elucidate the mechanism governing the performance of photoelectrodes. In 

the following section, the principles of this technique will be explained.   

 

 

Figure II. 1. Processes involved in PEC water splitting on a) n-type semiconductor and b) p-type 

semiconductor: 1) photogeneration, 2) diffusion and 3) transfer of carriers.   

II.1. Intensity Modulated Photocurrent Spectroscopy (IMPS) 

Non-stationary techniques are particularly useful in the study of the kinetics of the 

processes involved in photoelectrochemical reactions at the semiconductor/ electrolyte 

interface.
156–161

 Intensity-modulated photocurrent spectroscopy (IMPS) is a powerful small 

amplitude perturbation technique that allows deconvolution of the rate constants for charge 

transfer and recombination at illuminated semiconductor electrodes.
156

 In this technique, a 

sinusoidally modulated, small amplitude light perturbation of variable frequency is applied 

to the system at a constant potential. The modulated light source can be described as 

follows: 

  

𝐼 = 𝐼0 + 𝐼 sin(𝜔𝑡) 

 

 

(eq. II.20) 

Where I0 corresponds to the intensity of the light source in DC current and Isin(t) is the 

modulation of the light intensity. A modulated response of the photocurrent with the same 
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frequency but with a phase shift is obtained.
137,156,159,162

 figure II.2 describes the 

relationship between the illumination and the modulated photoresponse. 

 

Figure II. 2. Representation of input signal and output signal on IMPS technique.  

The IMPS transfer function, H, can be defined as: 

 

 

 

𝐻 =
𝑗𝑝̃ℎ

𝐼
 =

𝐽𝑝ℎ

𝐼
exp(𝑖𝜑) 

 

(eq. II.21) 

where 𝑗𝑝̃ℎ is the modulated photocurrent generated because of the modulated light intensity, 

𝐼 and corresponds to the phase shift. As the modulation on the light source is a periodic 

function 𝜑 can be expressed as 𝜔𝑡 and, consequently, using Euler’s formula for imaginary 

numbers: 

𝐻 =
𝐽𝑝ℎ

𝐼
exp(𝑖𝜔𝑡) =  𝑅𝑒(𝐻) +  𝑖 𝐼𝑚(𝐻) = 𝐻′ + 𝑖𝐻′′ 

(eq. II.22) 

with Re(H) and Im(H) the real and imaginary part of the complex transfer function, 

respectively.  

 The results can be represented in a graph plotting Im(H) versus Re(H) for the entire 

frequency range measured resulting in a Nyquist plot. The response is generally 

characterized by semicircles where the frequency at the apex represents the time constant of 

a specific process. If H is a real number, its value represents the external quantum 
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efficiency (EQE) for the conversion of incident photons in charge carriers. Figure II.3 

shows a typical spectra that can be obtained by measuring IMPS.
157,158,162

 First, the high 

frequency semicircle corresponds to the time constant for current collection, and is related 

to the cell time constant or, alternatively, to the charge carrier transport time constant: at 

very high frequency, no modulated photocurrent is measured as the current-generating 

process cannot follow the modulation. With decreasing frequency, an out-of-phase 

photocurrent can be observed, which at a sufficiently low frequency can follow the 

modulation, resulting in an in-phase signal. The crossing point on the real axis of the 

resulting semicircle in the Im(H) vs. Re(H) plot at medium frequency corresponds to the 

charge separation efficiency (CSE) across the electric field, such as that in the space charge 

layer, for the case where the light harvesting efficiency (LHE) is 1. If only a fraction of the 

incident photons is absorbed, then the intercept is a measure for the product of the light 

harvesting and charge separation efficiencies (CSE). As such, the intercept can be 

interpreted as the maximum attainable external charge collection efficiency, in the absence 

of losses due to recombination. Note that within a modulation cycle for a p-type 

semiconductor (figure II.3a) the negative photocurrent increases when the light intensity 

increases, resulting in the negative sign of Re(H) and the location of the semicircle in the 

third quadrant.  

The semicircle in the second quadrant represents the competition between electron 

transfer to the solution and surface recombination processes: the intercept of the low 

frequency arc in the IMPS plot for  0 is directly related with the external quantum 

efficiency (EQE), i.e., the steady-state photocurrent.
156–163

 Note that for surface 

recombination, a charge carrier needs to travel across the electric field in opposite direction, 

which results in a decrease of the collection efficiency and (modulated) current observed in 

the external circuit; bulk recombination does not result in a change of the observed current 

upon modulation of the light intensity and can hence not be directly investigated using 

IMPS. There are three expected results for three different electron transfer efficiencies 

(figure II.3a, b): if charge transfer to the solution is much faster than surface recombination, 

the loop in the second quadrant is not observed, while in the case that surface 

recombination is much faster than charge transfer, the upper loop ends back in the origin. 

For a relative transfer efficiency of 0.5, the upper loop intersects with the Re(H) axis 
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halfway. For a given photoelectrode, one would expect the time constant of the lower loop 

in the third quadrant to be independent of the charge transfer efficiency, as long as the time 

constants are at least 2 orders of magnitude apart.  

  

Figure II. 3. Schematic IMPS for a) p-type and b) n-type semiconductors. The lower loop (3
rd

 and 

4
th
 quadrant) corresponds to the cell time constant while the upper loop (1

st
 and 2

nd
 quadrant) 

reveals the competition between charge transfer and recombination.  

For an n-type  semiconductor, a positive photocurrent is measured and in IMPS plot (figure 

II.3 b) the same features are observed, but since in this case the photocurrent is positive, the 

spectrum is the mirror image in the Im(H)-axis. Note that for a doped semiconductor, the 

majority carrier density is generally orders of magnitude larger than the photogenerated 

carrier density, and a photocurrent is not observed in the forward regime. 

Hence, a lot of information can be obtained from IMPS Nyquist plots, however, the results 

need to be analyzed in more detail using a model; in this work, we apply the model 

proposed and developed by Ponomarev and Peter.
157
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II.2. Model 

To analyze the IMPS spectra in more detail, the above discussed balance of charge 

transfer to the solution and surface recombination can be quantified using the simple model 

in figure II.4a. The analysis of the competition between hole transfer and surface 

recombination at the semiconductor/electrolyte interface and the deconvolution of the 

reaction rate constants can be possible if some considerations are assumed. First, bulk 

processes (e.g., band-to-band recombination, trapping) are supposed to be non-significative 

in comparation of surface processes. Since bulk recombination processes are much faster 

than surface processes, this assumption is likely to hold. Moreover, the relevant processes 

should occur on the same time scale as the IMPS measurements, which is indeed the case 

for most surface recombination processes. Lastly, the band bending is assumed to remain 

constant during the modulated illumination. This is true if the space charge capacitance and 

the density of majority carriers do not change significantly during the modulation of the 

light intensity. So, considering the upper semicircle which is related to surface processes, 

the transfer function H can be defined as follows: 

   𝐻 =  
𝑗̃𝑝ℎ

𝐼
 =  (

𝑗0

𝑗𝑝ℎ𝑜𝑡𝑜𝑛
) 

𝑘𝑡𝑟 + 𝑖𝜔

𝑘𝑡𝑟 + 𝑘𝑟𝑒𝑐+ 𝑖𝜔
    (II.23) 

where j0 and jphoton are the amplitudes of the modulated photocurrent (electrons cm
-2

 s
-1

) and 

incident photon flux (photons cm
-2

 s
-1

), respectively; hence, for the case where the second 

term of the equation is equal to 1, j0/jphoton equivalent to the maximum obtainable external 

quantum efficiency (EQE). This can be achieved in two ways: (i) when the charge transfer 

rate constant, ktr, is much larger than the surface recombination rate constant, krec, and i; 

and (ii) for sufficiently high frequencies.  

As for the second condition, it should be noted that the RC time constant of the cell is not 

taken into account in this simple model: if the RC time constant is at least two orders of 

magnitude smaller than the charge transfer and recombination time constants, then the 

processes are sufficiently separated to be analyzed with eqn. (II.20); in this case, condition 

(ii) is reached for intermediate frequencies, before the onset of the RC loop at higher 

frequencies. 

 



 

 
38 

 

Figure II. 4. a) Band diagram illustrating the processes taking place at a photocathode. Minority 

carrier electrons can be trapped at the interface and subsequently either be transferred to the 

solution or recombine with holes. Holes may also be trapped at the surface and be transferred to the 

solution. b) Theoretical IMPS plot of a typical photocathode to represent the calculation and 

interpretation of charge transfer and recombination rate constants.  

In this case, the imaginary photocurrent reaches a maximum when the frequency matches 

the characteristic relaxation constant of the system:  

 𝜔𝑚𝑎𝑥 = 𝑘𝑡𝑟  +  𝑘𝑟𝑒𝑐      (II.24) 

Additionally, the high and low frequency intercepts with the x-axis correspond to the initial 

maximum and the steady state photocurrents in a photocurrent transient plot, respectively. 

At the high frequency intercept, recombination is “frozen” due to fast modulation, which 

means that the measured current is equal the maximal current that the electrode can be 

achieved without recombination (j0/jphoton). 

The low frequency intercept then represents the fraction of the transferred minority carrier 

flux to the overall surface processes (transfer and recombination). This point corresponds to 

the charge transfer efficiency (𝜂𝑟𝑒𝑙) multiplied by, j0/jphoton. Figure II.4b) summarize the 

relations with ktr, krec and IMPS plot;  𝜂𝑟𝑒𝑙 describes the fraction of the minority carrier flux 

that is involved in the charge transfer reaction: 
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   𝜂𝑟𝑒𝑙  =
 𝑘𝑡𝑟

 𝑘𝑡𝑟 + 𝑘𝑟𝑒𝑐
            (II.25) 

It is important to mention that the amplitude of the applied modulation should be small 

enough to ensure a linear response of the electrodes that can be confirmed by Lissajous 

plots. If IMPS is used correctly, it could be a helpful tool to understand the charge carrier 

dynamics in the electrolyte/semiconductor interface.  
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Chapter III 

 

III. General objective 

Following the previous backgrounds, one could envisage the photoelectrochemical 

water splitting as based on three fundamental steps, namely: i) photon absorption and 

charge carrier generation within the active phase, (ii) the dynamics of charge separation 

and transport to the interfaces, and (iii) charge transfer processes at the semiconductor / 

electrolyte interface corresponding to the electrochemical reactions involved in water 

splitting. Note that the optical processes in several semiconductor oxides are well 

studied and many of them can accomplished excellent performance on charge 

generation during photon absorption; on the other hand, the electrode reactions during 

water splitting is also a well-understood phenomenon which has been under study since 

the work carried by Michael Faraday more than a century ago.  However, the study of 

the dynamic of charge carriers transfer have had to wait for the establishing of novel 

fast tools of characterization such as the electrochemical impedance spectroscopy that 

consolidates with the development of frequency response analyzers in the 1970s. The 

understanding of the charge transport processes allows the improvement of the 

materials to increase the efficiency of PEC cells. 

The general objective of the present work is to investigate the charge carrier dynamics 

in both n-type and p-type semiconducting metal oxide materials for solar water 

splitting, including CuBi2O4, WO3, CuWO4, WO3/BiVO4 and -Fe2O3, using small-

signal modulation techniques, in particular intensity-modulated photocurrent 

spectroscopy, and to determine the balance between charge separation, recombination 

either in the bulk or a the surface, and charge transfer to the solution. These oxides are 

composed of earth-abundant elements and their properties make them promising 

materials to be used as photocathodes or photoanodes for solar water splitting. Different 

synthesis methodologies such as inkjet printing, screen printing, hydrothermal methods, 

spin coating and anodization were employed to prepare a variety of semiconducting 

oxide films and heterojunction photoelectrodes. 
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Chapter IV 
 

IV. Experimental section 
 

IV.1. Photoelectrode synthesis  

Prior to deposition, fluorine-doped tin oxide (FTO) coated glass substrates TEC 15 (2 cm x 2 cm) 

were cleaned by sonication in Liquinox phosphate-free detergent (Aldrich), deionized water and 

isopropanol for 20 min each. 

IV.1.1. CuBi2O4 photocathodes  

The CuBi2O4 photocathodes were synthesized in CINVESTAV-Mérida as follows: 3 mmol 

Bi(NO3)3·5H2O (Aldrich; 98%) and 2 mmol Cu(NO3)2·H2O (Aldrich; 99.99%) were dissolved 

separately into a solution containing 35% diethylene glycol, 1% diethylene glycol monobutyl 

ether and 64% of acetic acid. The solutions were mixed and sonicated for 30 min and then diluted 

to 10 mL. The DIMATIX inkjet printer (figure IV.1) was used to print the films, using 10 pL 

cartridges with the precursor solutions jetting voltage and frequency of 15 V and 5 kHz, 

respectively. After deposition, the films were sintered in air for 90 min at 650 ºC in a Thermo 

Scientific Lindbergh Blue M box furnace.  

 

Figure IV. 1. Scheme of synthesis of CuBi2O4 photocathodes.   
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IV.1.2. WO3 

Synthesis and characterization of WO3 were done in CINVESTAV-Mérida.  

Synthesis of monoclinic WO3. Tungsten trioxide was synthesized using hydrated tungsten acid as 

a precursor material (H2WO4•2H2O, Aldrich 99%) in a thermal method as reported previously.
164

 

For this purpose, an amount of H2WO4•2H2O was introduced in a furnace and heated for 2 hours 

at 550 °C (5 °C/min.).  

Preparation of WO3 paste. The powder obtained was used for the preparation of WO3 paste, 

where 0.1 g of WO3 was dispersed in 10 mL isopropyl alcohol (CH3CHOHCH3 J.T. Baker > 

99.88 %) with an ultrasonic Ti horn (130 W, 50% amplitude) for 15 min; then, 1 mL α-terpineol 

(C10H18O, Fluka, 97%) was added and mixed for 15 minutes, 0.03 g ethyl cellulose (100 cp, 

Aldrich, 48%) previously dispersed in 10 mL isopropyl alcohol was added to the first solution 

and mixed for 30 minutes. The excess ethanol in the final dispersion was removed with a rotary-

evaporator until a paste with a desirable viscosity was obtained. 

 

Figure IV. 2. WO3 films synthesis procedure.  
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Deposition of WO3 films. The films were deposited using the screen-printing method (figure 

IV.2) with a polyester screen having a mesh opening w = 60 μm, thread diameter d = 50 μm and 

90 threads per cm. The screen allows printing films with a circle-shaped design of 1 cm in 

diameter, which will be the effective area of the working electrode. The stored WO3 paste was 

ultrasonically mixed for 1 hour before film deposition. A circular layer of the WO3 paste was 

coated on the FTO glass by screen printing and was dried under ambient condition for 10 minutes 

at 125 °C in a hot plate. This procedure was repeated several times, to obtain electrodes of 

different thickness. The FTO substrates coated with the paste were gradually heated (2.5 °C/min) 

to 550 °C for 60 minutes in ambient atmosphere to remove the organic materials and facilitate the 

interconnection of WO3 particles. The films were generally whitish green, opaque in appearance, 

which is related to use of powder aggregates for the preparation of the paste. 

 

IV.1.3. CuWO4 

Synthesis and structural characterization of CuWO4 films were held in the International Research 

Center for Renewable Energy in Xi’an Jiaotong University while photoelectrochemical 

measurements including IMPS were performed in CINVESTAV Mérida.  

Synthesis of WO3 nanorod array precursor film. The WO3 nanorod array films were synthesized 

follow the methodology developed by Liu et. al
165

. 1 g of Ammonium paratungstate 

(H40N10O41W12·xH2O) was heated in lactic acid until complete dissolution to get a final 

concentration of 10 wt %. Then, 1 mL of the solution was diluted 10 times by volume with 

ethanol to obtain the seed layer precursor solution. The precursor solution was deposited on the 

substrate via spin-coating at 3000 rpm for 15 s. The coated substrates were annealed at 500 °C for 

3 h in a furnace to get the WO3 seed layer.  

The substrates with the seed layer were placed into a Teflon-lined hydrothermal reactor filled 

with the precursor solution that was prepared by mixing 1.25 g of an ammonium paratungstate 

solution (10 wt %) with 8.75 g of lactic acid in 20 g of ethanol containing 0.1383 g of L-

glutathione reduced (C10H17N3O6S). The reactor was positioned onto a stainless-steel autoclave 

and heated at 200°C for 4 h. The obtained films were rinsed with ethanol and annealed in air at 

550°C for 1 h.  
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Synthesis of CuWO4 porous films. WO3 nanorods array were used as sacrificial template to 

fabricate CuWO4 films. A certain amount of Cu(NO3)2 was dissolved in acetic acid to obtain a 

0.05M as final concentration. 50 μL of the Cu
2+

 solution was drop-casted onto the surface of the 

WO3 nanorods array and dried in air at room temperature. The procedure was repeated 3 times 

and then, the samples were annealed in air at different temperatures (450 °C, 550 °C, and 650°C). 

Figure IV.3 schemes the process. 

 

Figure IV. 3. Obtention of CuWO4 porous films. 

Preparation of BiVO4-CuWO4 heterojunction. To prepare BiVO4/CuWO4 electrodes, first, a bare 

film of CuWO4 was synthesized by the method previously described. Subsequently, a layer of 

BiVO4 precursor solution was deposited by spin-coating at 3000 rpm for 30 s and subsequently 

annealed onto a rapid thermal annealing furnace at 500 °C for 120 s. The procedure was repeated 

3 times, and finally annealed at 500°C for 2 hours in air atmosphere. The BiVO4 precursor 

solution (0.125 M) was prepared with 0.01 mol of Bi(NO3)3 x 5H2O, 0.01 mol NH4VO3 and 10 

mL concentrated nitric acid (HNO3) and 30 mL of de-ionized water, then mixed with 40 mL PVA 

solution (5g/100 mL). 

 

IV.1.4. BiVO4/WO3 system 

Synthesis and structural characterization of films were held in the International Research Center 

for Renewable Energy in Xi’an Jiaotong University while photoelectrochemical measurements 

including IMPS were performed in CINVESTAV Mérida.  
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Preparation of spin coated BiVO4-WO3 sandwich heterojunction. WO3 precursor solution (0.125 

M) was prepared as follow: 0.01 mol tungsten acid (H2WO4) and 25 mL H2O2 (30 wt%) were 

dissolved in 15 mL de-ionized water (H2O), then mixed with 40 mL of a PVA (poly vinyl 

alcohol) precursor solution (0.5 g PVA dissolved in 10 mL H2O). For the BiVO4 precursor 

solution (0.125 M), 0.01 mol Bi (NO3)3
.
5H2O, 0.01 mol NH4VO3 and 10 mL concentrated HNO3 

were dissolved in 30 mL de-ionized water, then mixed with 40 mL PVA solution.  

The sandwich structure was synthesized by spin-coating overlapping the deposit of WO3 and 

BiVO4 layer by layer, the spin rate was controlled at 3000 rpm for 30 s. After each deposition, 

the layers are sintered on the rapid thermal annealing furnace at 500 °C for 120 s. After all 

deposits, the samples are annealed at 500 °C for 2 hours. The scheme of the processes is observed 

in figure IV.4. Phase pure films were deposited by spin coating repeating the process 3 times.  

 

Figure IV. 4. Sandwich structures synthesized of WO3-BiVO4 by spin coating method. The white 

rectangles correspond to WO3 deposited by spin coating, the yellow corresponds to spin coated BiVO4 

layer. 
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IV.1.5. Sn-doped iron oxide 

Synthesis, structural and DC photoelectrochemical characterization of films were held in the 

Clean Energy and Nanotechnology (CLEAN) Laboratory, Joint Laboratory for Energy and 

Environmental Catalysis, School of Energy and Environment, City University of Hong Kong 

while the IMPS measurements were performed in CINVESTAV Mérida.  

Iron foil (Alfa Aesar, 0.1 mm thickness, 99.99% metal basis, cut into 1 cm × 1cm size) were 

cleaned by sequential sonication in water, ethanol, and acetone for 20 min each and then dried 

under flowing N2. Anodization of Fe foil was carried out in a two-electrode system with iron foil 

as the anode and platinum foil as the counter electrode. The electrolyte consisted of 

predetermined amount of SnF2 (99%, Aldrich) dissolved in 3% deionized water (18.2 MΩ, 

Millipore) / 97% ethylene glycol (99.8%, Aldrich). The anodization voltage was modulated in a 

continuous negative-to-positive square wave pattern at 100 Hz using the Solartron Modulab 

potentiostat equipped with high voltage and current booster modules. The as-prepared samples 

were rinsed with deionized water and annealed in a muffle furnace (Thermo). Samples were 

annealed at the predetermined temperature (ramping 3 
o
C min

-1
) for 1 h. figure IV.5. summarizes 

the anodization process. 

 

Figure IV. 5. Electrochemical cell used for anodization process of Fe foil to obtain Fe2O3 films. 
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Co-Pi cocatalyst was deposited onto the iron oxide substrate by immersing in 0.1 M potassium 

phosphate buffer (pH 7) containing 0.5 mM CoCl2 (98%, Aldrich). Potential bias of +0.38 V vs 

Ag/AgCl was applied whilst irradiating with a 300 W Xenon lamp (Newport) at 100 mW cm
-2

 

intensity. 

IV.2. Characterization techniques 

  

IV.2.1. X-ray diffraction (XRD) 

Grazing XRD measurements were performed using a grazing angle of 0.5° between the X-ray. A 

Siemens D-5000 diffractometer (Cu-Kα radiation, λ = 1.5418 Å) at 34 kV and 25 mA was used 

to obtain the XRD patterns for CuBi2O4 and WO3 samples. For CuWO4 and BiVO4/WO3 films, a 

X’pert PRO diffractometer (PANalytical, Cu Kα irradiation) was used to determine the crystal 

structure. 

To analyze the measured diffractograms, reference files from the Joint Committee on Powder 

Diffraction Standards (JCPDS-NBS) were used to identify the crystal structure of the samples. 

IV.2.2. Scanning electron microscopy (SEM) 

SEM measurements were carried out using a scanning electron microscope (JEOL JSM-7600F) 

operated at an accelerating voltage of 10 kV and using the lower secondary electron image (LEI) 

and upper secondary electron image (SEI) as image mode. 

IV.2.3. Uv-Vis spectroscopy 

To determine the optical absorption of the samples, UV-Vis measurements were performed with 

an UV−Vis Agilent Cary 5000 spectrometer with a integrate sphere and using BaSO4 as reference 

for CuWO4 and BiVO4/WO3 films. The transmission measurements were performed in a 

wavelength region between 300 – 900 nm. In case of CuBi2O4 and WO3 films, the spectra were 

obtained using an Ocean Optics (USB 2000) fiber optics spectrophotometer adapted with an 

integration sphere in the same range.  

IV.2.4. Photoelectrochemical measurements 

Current - potential curves and intensity-modulated photocurrent spectroscopy measurements were 

carried out with an Autolab PGSTAT302N/FRA2 set-up (Metrohm Autolab). A 400 W ozone-

free Xe arc lamp (Newport 66921) with an AM 1.5G and a water filter was employed as 
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simulated sunlight. The light intensity was adjusted to 100 mW cm
-2

 using a calibrated silicon 

solar cell with incorporated KG-5 filter. The geometric area exposed was 0.8 cm
2
 and the 

measurements were performed using different electrolyte solution for each sample in order to 

improve stability and photoresponse. In case of FeOx samples de geometric area was 0.13 cm
2
. 

The cell configuration consisted of a single compartment cell adapted with a quartz window, 

using the three-electrode configuration: the synthesized film as working electrode, a 

Ag/AgCl/NaCl (3 M) as reference electrode and a platinum wire as counter electrode (figure 

IV.6). Electrochemical potentials were converted to the reversible hydrogen electrode (V vs 

RHE) scale. 

 

Figure IV. 6. Electrochemical cell used for photoelectrochemical measurements. The cell consists in a 

three electrodes configuration using a Pt wire as counter-electrode, the synthesized films as working 

electrode and a Ag/AgCl electrode as reference electrode.   

IV.2.5. IMPS 

IMPS measurements were performed in the frequency range from 20,000 Hz to 0.02 Hz, using a 

sinusoidal intensity modulation and bias illumination from a 455 nm high intensity blue LED. 

The amplitude of the sinusoidal modulation was about 25% of the base light intensity, and the 

linearity of the response was tested and confirmed using Lissajous plots. Normalization was 

performed by determining the number density of incident photons with a calibrated silicon 

photodiode, assuming that the LED used is monochromatic at the maximum wavelength, 

followed by a calculation of the corresponding maximum photocurrent if each irradiated photon 
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generates one electron-hole pair. To relate the amplitude of the light modulation to the modulated 

photocurrent, the zero-frequency limit intercept with the real axis of the EQE was taken to be 

equal to the DC value for the EQE observed for the potential at which the experiments were 

performed. 

 

Figure IV. 7. IMPS experimental set-up.  
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Chapter V 

V. Results and discussions 

Semiconductors materials are the main key for a successful PEC cell. The performance of 

the photoanode and photocathode into the system determinates the STH efficiency. 

Despite some semiconductors have been widely studied and some important parameters 

have been determined, the understanding of the main processes at 

semiconductor/electrolyte interface and in the bulk are not completely defined. In this 

chapter, the synthesis and characterization of one photocathode (CuBi2O4) and 4 different 

photoanodes (WO3, CuWO4, WO3/BiVO4 and -Fe2O3) have been exposed. The 

influence of some parameters on charge transfer processes at the surface will also be 

discussed.  

V.1. Study of the charge carrier dynamics on Copper-Bismuth Oxide 

(CuBi2O4) photocathodes. 

A single-composition ink base was used for the deposition of CuBi2O4 films onto FTO 

using the DIMATIX printer using different drop spacing to control the amount of material 

deposited. The morphology of the CuBi2O4 film at sintering temperature of 650 ºC was 

evaluated. Figure V.1 shows the XRD pattern for drop spacing (DS) of 10. The 

diffractogram corresponds to the reference pattern for CuBi2O4 (JCPDS #42-0334); the 

peaks at 26.7° and 51.76° are related to FTO.  
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Figure V. 1. XRD diffractogram for the films deposited onto FTO by inkjet printing at 15 V, 5 kHz 

and 10 DS and subsequent sintering at 650 ºC on FTO. 

 

In agreement with previous reports, the visual color of the films are light brownish.
68

 In all 

the different DS, the SEM images illustrated in figure V.2 show porous films where part of 

the FTO are not covered. It is also observed that films are polycrystalline and there is an 

inverse relationship between the film thickness and the DS, the thickness can be somewhat 

modified by the drop spacing: for smaller DS the film thickness increases, maintaining the 

same general morphology. The grain size of each films is similar to the thickness.  
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Figure V. 2. SEM top view images of a CuBi2O4 film deposited at different drop spacing: a) DS 10; 

b) DS 15; c) DS 20; d) DS 25. The insets correspond to the cross-sectional views and the CuBi2O4 

film thickness is indicated; the thickness of the FTO film is 400 nm. 

Figure V.3 shows the I-V curves under chopped illumination of the films synthesized by 

inkjet printing. For CuBi2O4 photocathodes, a 1 M NaClO4 at pH 5 was used as electrolyte 

solution. The films exhibit an increase of the photocurrent density (j) in function of 

thickness increment. Interestingly, in the curve a cathodic current is observed at potentials 

below 0.8V (RHE)that is a typical p-type semiconductor behavior while an anodic current 

is observed at 1.2 V (RHE). Additionally, a spike is observed when the electrode is 

illuminated which is related to recombination. At potentials more negative than 0.2 V (vs. 

RHE), the cathodic current increases, both in the dark and under illumination, which is 

likely due to a reaction at the exposed FTO surface related to the porosity of the CuBi2O4 

film. It is important to mention that the reduction of copper centers in the CuBi2O4 may 

occur, which has been reported previously and has been related to a limited stability against 

reduction.
56,68

 A maximum value of approximately 0.15 mA cm
-2

 for a 280 nm CuBi2O4 

film it is observed. The theoretical maximum photocurrent density calculated for CuBi2O4, 
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considering 100% absorption of the AM 1.5 spectrum for E > 1.8 eV is about 20 mA/cm
2
.
65

 

To understand the reason why the photocurrent is much lower than theoretical value, an 

analysis of external quantum efficiency (EQE) is needed. 

 

Figure V. 3. Current - potential curves for CuBi2O4 films as a function of film thickness by 

deposition at different drop spacing. The scan was performed from positive to negative potential. 

The measurements were performed at 1 sun in 1 M NaClO4 at pH 5.  

Figure V.4 shows the absorbance and the EQE as a function of wavelength for a 280 nm 

inkjet-printed CuBi2O4 film on FTO/glass. The absorbance spectrum shows an onset at 

about 800 nm (1.55 eV), whereas the absorbance increases strongly again at higher 

energies, with an onset at about 600 nm (2.06 eV). These results are in agreement with 

previous reports, where it has been shown that the electronic absorption spectrum of 

CuBi2O4 embodies two main features at different wavelengths. As it was mentioned before, 

the optical edge at lower energy is typically found between 1.5 to 1.85 eV
65,68,166

, which 

according to theoretical quantum calculations is essentially related with transitions from the 

valence band (VB) into a band with a high contribution from Cu 3d orbitals
68

. The change 

in the absorbance profile at higher energy (> 2.0 eV) may be correlated with transitions 

from the VB into a band with marked character of Bi 3p states. Both bands are 

schematically represented by the highlighted Gaussian curves drawn below the absorbance 

curve. The absorbance spectrum can be used to determine the light harvesting efficiency 
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(LHE) as a function of wavelength, within the assumption that absorption is equal to 

absorbance, A, using LHE = 1 – 10
-A

.
120

  

 

Figure V. 4. Absorbance and EQE (external quantum efficiency) versus illumination wavelength 

for CuBi2O4 photocathodes with a film thickness of 280 nm. The EQE was measured at 0.6 V(RHE) 

in a 0.1 M Na2SO4 solution (pH = 5.7). The value for the LHE represents the average of 5 films. 

From the EQE curve, charge collection starts to be effective only at wavelengths below 680 

nm (E > 1.8 eV), suggesting that the lower energy optical transitions do not lead to efficient 

charge separation. The effective bandgap for charge collection is about 2.0 eV for the 

inkjet-printed CuBi2O4 material. The EQE reaches a maximum of around 1.8% at about 

460 nm, indicating that the collection efficiency of the CuBi2O4 photocathodes is in general 

rather low. Combined with the observation that the light harvesting efficiency (LHE) is 

about 0.53, this implies that only 3.3% of the generated electron (CB) – hole (VB) pairs 

result in a current in the external circuit at this potential. 

Steady-state experiments of the EQE and current – potential curves provide only limited 

information on the reason for the low external efficiency, and measurements in the 

frequency domain can be very helpful to distinguish between various loss processes, such 

as recombination in the bulk and surface recombination, and can provide important clues on 

the charge transfer and collection efficiencies.  
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The external quantum efficiency can be considered as the product of the light harvesting 

efficiency and the charge collection efficiency; the latter depends on the charge separation 

efficiency, which in turn is determined by the electric field, and the balance between charge 

transport and extraction, both at the FTO and the solution interface, on the one hand and 

recombination on the other hand.
55,58,167,168

 Electrochemical impedance spectroscopy was 

performed to characterize the electrodes, however, the interpretation of the results was not 

straightforward, related to the porosity of the film, and the n-type character of the FTO 

substrate as opposed to the primarily p-type character of CuBi2O4. An important advantage 

of IMPS is that only the photoactive material is probed, thus significantly simplifying the 

interpretation.  

Figure V. 5. Steady-state current - potential curves in the dark and under blue LED illumination. 

The insets correspond to the IMPS spectra at each determined potential.  

Figure V.5 shows the current density - potential (I-V) curve in the dark and under 

illumination of a 280 nm CuBi2O4 photoelectrode on FTO using a high power, blue LED 

(455 nm; 2.7 eV). The general aspects of the curves are the same as for white light 

illumination, however, the LED allows us to modulate the light intensity and determine the 

IMPS response using an LED driver. The insets of figure V.5 show the representative 

IMPS spectra for the potentials indicated in the curve. The I-V curve and IMPS spectra can 

be divided in three regions: (i) potentials more negative than 0.75 V(RHE), where the 

cathodic photocurrent corresponds to the reduction of water; (ii) the potential range 
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between 0.75 V and 1.15 V(RHE), where no steady-state photocurrent is observed; and (iii) 

potentials more positive than 1.15 V(RHE). The IMPS spectra measured at potentials 

between 0.1 and 1.15 V(RHE) are observed in figure V.6.  

For V>0.75V RHE, at high frequencies (> 10 kHz), the data points are close to the origin, 

and upon decreasing the frequency, a semicircle in the third quadrant is observed. At 

intermediate frequencies, the data points correspond to a negative real value for H, with the 

imaginary part being negligible, which gives the external charge collection efficiency 

(ECCE) in the absence of recombination and charge transfer. At lower frequencies, a 

second semicircle develops, eventually reaching again a negative real value, which depends 

on the applied potential. In figure V.6b shows that upon applying more negative potentials 

in region (i), the intercept for ω → 0 moves away from the origin indicating the onset of a 

DC photocurrent, which coincides with the observations in the steady-state I-V curve. At 

potentials more negative than 0.4 V(RHE), the medium frequency crossing point with the 

real axis increases, indicating that the charge separation efficiency (CSE) is increasing with 

more negative potential; however, the low frequency intercept does not increase much 

correlating with an essentially constant steady-state photocurrent. This may be due to two 

different situations: (i) surface recombination becomes faster, or (ii) electron transfer to the 

solution becomes slower. In order to distinguish between these two mechanisms, the results 

need to be analyzed in more detail, which will be discussed below.  

On the other hand, at potentials between 0.75 V and 1.15 V(RHE), as it is observed in 

figure V.5, the steady state photocurrent density is close to zero, however, the IMPS spectra 

indicate that charge carrier generation and separation can be achieved, but that surface 

recombination prevents a steady-state photocurrent to be observed. In this potential range, a 

very interesting observation is apparent: the collection loop moves to the fourth quadrant, 

instead of the third quadrant, and the recombination / charge transfer loop is observed in the 

first quadrant, instead of the second. These results are characteristic of an n-type  

semiconductor, where the minority carrier flux corresponds to holes in the valence band, 

and the (modulated) photocurrent is positive corresponding to water oxidation. Hence, it 

appears that CuBi2O4 is either an almost intrinsic semiconductor with a low acceptor 

density or a compensated semiconductor, where both cathodic and anodic photocurrents are 
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possible, depending on the applied potential, the light intensity, and, undoubtedly, the 

synthesis method.
169

 However, it is observed that in the entire potential range between 0.75 

V and 1.15 V(RHE), the intercept at for ω −> 0 is in the origin, which illustrates that 

surface recombination wins over hole transfer to the solution; hence, a steady-state 

oxidation photocurrent is not observed, in agreement with the I-V curve, indicating the slow 

transfer kinetics for the water oxidation reaction.  

Figure V. 6 On left IMPS spectra obtained at potentials 0.115-1.115 (V vs. RHE). On right, zoom 

of the IMPS spectra for the potential range from 0.415 - 0.915 V(RHE)). The measurements were 

performed in a 1 M NaClO4 solution at pH 5. 

In classical semiconductor electrochemistry, the energetic position of the valence and 

conduction band edges at the interface are independent of the applied potential, and the 

potential dependence of the charge carrier density at the surface determines the 

corresponding reaction rates. Figure V.7a shows the rate constants versus applied potential 

obtained from fitting the results shown in figure V.6. It can be observed that both the RC 

time constant and the recombination rate constant are essentially independent of applied 

potential for V < 0.75 V(RHE), in agreement with expectations. On the other hand, the 

charge transfer rate constant is constant between 0.75 and 0.40 V(RHE) but decreases 

somewhat at more negative potentials. In addition, at V > 0.75 V(RHE), the rate constant 

decreases significantly, can be related to the change in process from a cathodic to an anodic 

reaction. Hence, the water oxidation rate constant is significantly smaller that for water 

reduction. An important result is that the recombination rate constant is found to be larger 

than the charge transfer rate constant in the entire potential range, indicating that the 

relative charge transfer efficiency is much lower than 1 in the entire potential range.  
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Figure V.7b shows the relative charge transfer efficiency as a function of applied potential, 

and the highest efficiency is close to 0.4 in the potential range between 0.45 V and 0.75 

V(RHE). At more positive potential the relative transfer efficiency goes to 0 while at more 

negative potentials, the relative transfer efficiency decreases to about 0.2, which is an 

interesting phenomenon. This observation is correlated with an increase in the dark current 

of the photoelectrode, as well as a decrease in stability. In general, it was found that the 

material is not stable at potentials more negative than about 0.2 V(RHE), which is most 

likely related to reduction of copper centers in the CuBi2O4 material, in agreement with 

previous reports.
56,68,55

 Hence, the decrease in transfer efficiency may be related to a change 

in surface chemistry, via a decrease of the charge transfer rate constant at potentials more 

negative than V < 0.40 V(RHE).  

Figure V.7c shows the potential dependence of the medium frequency intercept on the 

Re(H) axis, i.e. the maximum attainable product of CSE and LHE in the absence of 

recombination, and the low frequency intercept corresponding to the small-signal value of 

the steady-state EQE. The maximum low frequency intercept is about 0.035 at 0.2 V(RHE) 

and these results are in good agreement with the EQE measurements in figure V.4. The low 

frequency curve mimics the steady-state I-V curve.  

The medium frequency crossing point increases with more negative potential, 

approaching a value of 0.35 at 0 V(RHE); as it was mentioned in chapter 2, the negative 

sign in the graph indicates that this is a photoreduction process, as opposed to a 

photooxidation process. Hence, assuming that the light harvesting efficiency is independent 

of applied potential, charge separation becomes more efficient at more negative potential, 

suggesting that the band bending increases as expected. The charge separation efficiency 

can be determined from the intercept by dividing by the LHE of 0.53, resulting in CSE = 

0.66. Hence, per absorbed photon, 0.66 electron-hole pairs are successfully separated across 

the space charge layer at 0 V(RHE). This indicates that about a third of the generated pairs 

is lost by bulk recombination. On the other hand, the relative charge transfer efficiency at 0 

V(RHE) is 0.2, hence, 80% of successfully separated electron-hole pairs are lost via surface 

recombination. In fact, the relative charge transfer efficiency is optimal in the potential 

range where the charge separation efficiency is still low; the combination of both effects 
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explains the photocurrent potential curve. In general, it can be concluded that, although 

photoreduction of water is achieved, the efficiency needs to be improved by either slowing 

down recombination, speeding up electron transfer, or improving the charge separation 

efficiency at more positive potentials. 

 

Figure V. 7. Applied potential dependence of: (a) electron transfer rate constant (ktr), surface 

recombination rate constant (krec), and cell constant; (b) relative transfer efficiency; and (c) intercept 

on Re(H) axis, corresponding to the product of CSE and LHE at medium frequency, and the small-

signal external quantum efficiency for the frequency limit to zero, respectively.  

 

Measurements as a function of the light intensity can give information of the effect of 

charge density and trapping on the respective rate constants. The charge transfer and 

recombination rate constants are in principle expected to be independent of light intensity, 
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however, charge trapping may affect the reaction rates as well as the charge transport 

kinetics. Figure V.8 illustrates that the photocurrent is dependent on the light intensity, 

although not linearly: at lower intensities, the photocurrent is surprisingly high, suggesting 

that the EQE depends on light intensity.  

 

Figure V. 8. Current - potential curves for a 280 nm CuBi2O4 photoelectrode as a function of the 

incident light intensity. The scan was performed from positive to negative potential, in 1 M NaClO4 

at pH 5. 

IMPS measurements by varying light intensity (figure V.9) show that, beside CSE is higher 

when the number of irradiated photons is higher, the recombination/transfer loop become 

smaller when light intensity decreases. Additionally, the intercept at lower frequencies stay 

away from zero suggesting again that the rate constants are not independent of light 

intensity.  
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Figure V. 9. IMPS measurements as a function of light intensity. The analysis was performed at an 

applied potential of 0.32 V(RHE). 

In Figure V.10, the charge transfer and recombination rate constants are shown as a 

function of illumination intensity. In addition, it can be seen that the RC time constant is 

slightly dependent on the light intensity suggesting that charge trapping occurs, which may 

result in a slight decrease of the resistance with increasing charge density. 

The results shown in Figure V.10 are obtained in the region where water reduction occurs 

and, under these conditions, photogenerated electrons are trapped at the surface due to the 

very slow transfer kinetics. This may result in the reduction of surface species, which could 

lead to a higher trap density. In turn, surface traps can facilitate recombination, thus 

resulting in an increase in recombination rate constant with higher light intensity. On the 

other hand, it is found that the electron transfer rate constant decreases with increasing light 

intensity, suggesting that a higher trapped electron density at the surface results in slower 

electron transfer, which is in accordance with the observations as a function of applied 

potential in figures V.10a and b. These results indicate that the change of surface chemistry 

is essential in determining both the electron transfer and surface recombination rate 

constants. Figure V.10a shows that the relative charge transfer efficiency increases 

significantly with decreasing light intensity: at intensities smaller than about a photon flux 

equivalent to 0.1 sun, the relative transfer efficiency is as high as 0.80, illustrating that high 
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efficiencies could be achieved for this material. In order to achieve these high efficiencies, 

it is necessary to avoid charge trapping at the surface, thus optimizing the kinetics of 

electron transfer to the solution and decreasing the surface recombination rate.  

 

Figure V. 10. Light intensity dependence of: (a) the relative transfer efficiency; and (b) the electron 

transfer and surface recombination rate constants and (RC)
-1

. The analysis was performed at an 

applied potential of 0.32 V(RHE).  

Conclusions 

We have prepared polycrystalline CuBi2O4 photoelectrodes by a simple inkjet printing 

technique of a film thickness between 100 nm and 280 nm, with an effective band gap of 

about 2.0 eV. The material acts mainly as a p-type semiconductor and a cathodic 

photocurrent corresponding to water reduction is observed at potentials negative of about 

0.8 V(RHE), however, an anodic photocurrent can also be obtained at potentials 

sufficiently positive, illustrating the unique properties of this material. The charge transfer 

and recombination dynamics have been analyzed in detail using intensity-modulated 

photocurrent spectroscopy, and it is shown that an unfavorable balance of the rate constants 
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for charge transfer and recombination limits the efficiency of the photoelectrode. In 

particular, the relative electron transfer efficiency is about 0.2 in the potential range where a 

photocurrent plateau is observed: this is due to interfacial reduction of the oxide material, 

which needs to be prevented in order to increase the external quantum efficiency. The 

relative charge transfer efficiency is significantly larger at lower light intensity, illustrating 

the promise of p-type CuBi2O4. 
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V.2. Charge transfer and recombination kinetics at WO3 photoanode’s 

surface.  

 

Figure V.11a and b shows the XRD patterns of the starting material tungstic acid, which 

has an orthorhombic crystal structure, and the well-crystallized WO3 with a monoclinic 

crystal structure (JCPDS # 43-1035) after thermal treatment at 550 °C. The temperature 

was determined according to previous report.
164

 The SEM image in figure V.11c, show the 

morphology of WO3 films after sintering in which the presence of a wide distribution size 

of particle between 50-500 nm can be observed, the inset in this image displayed the profile 

of the film where it is observed a uniform layer for the thinner films. Diffuse reflectance 

spectra on WO3 film is shown in figure V.11d, in this plot we can observe an electronic 

band absorption from 250 to 450 nm which is characteristic for WO3 material, with a band 

gap of 2.6 eV.  

 

Figure V. 11. X-ray diffraction patterns of the phase-pure a) WO3, b) H2WO4, c) SEM micrograph 

of WO3 porous film of 3.3 microns, the inset show the uniform deposit. d) Absorbance spectrum of 

WO3 film, the inset corresponds to the Tauc plot.   
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Figure V.12 shows the cyclic voltammetry curves including the forward and reverse scan 

for WO3 electrodes with different film thickness under front and back side illumination. 

Under dark conditions a sharp increase in anodic current is observed at potentials around 

2.0 V (RHE) related to water oxidation and a small cathodic current is observed at 

potentials at 0.3 V (RHE) which is related to the reduction of WO3, due to the presence of 

W
5+

 or W
6+

 bronzes, 
164,170–172

 and water reduction. The onset potentials for the anodic and 

cathodic dark current were independent of the film thickness; for films thicker than 10 μm, 

a larger charging current was observed, indicating the effect of charge storage on the film.   

 

Figure V. 12. Cyclic voltammetry results of WO3 electrodes of different thickness under (a) front 

and (b) back side illumination. The inset in (b) show the onset potential obtained for the film 

optimal thickness from chopped light measurements. All the experiments were performed in 1 M 

NaClO4 adjusted to pH 5 as electrolyte solution, with a 5 mV/s scan rate and under 1 sun simulated 

solar illumination. 

Figures V.12a and V.12b illustrate different electrochemical behavior under front and back 

side illuminations: under front side illumination, a plateau is observed at potentials more 

positive than 1.8 V (RHE). Under back side illumination a more pronounced photocurrent 

dependence on film thickness was observed that increased with more positive applied 

potential. Under front side illumination (figure V.12a) the anodic photocurrent showed a 

linear increase for film thicknesses below 12.5 μm with a maximum photocurrent of 0.8 

mA/cm
2
 at 2.0 V (RHE). Under backside illumination (figure V.12b), the current density 
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increases as a function of the film thickness with a maximum photocurrent of 0.81 mA/cm
2
 

at 2.0 V (RHE) in the film of 20.5 μm.  

In order to gain a deeper understanding in the charge separation and collection from WO3 

films under illumination, IMPS measurements were employed. Electrodes with 4.3 µm film 

thickness were chosen as a model system, and the effect of film thickness was determined. 

IMPS as a function of applied potential. Although for classical single-crystal 

semiconductors, the charge transfer and recombination rates are determined by the potential 

dependence of charge carrier densities at the surface, while the respective rate constants are 

expected to remain unchanged, this situation is likely different for these complex, porous, 

nanocrystalline oxide semiconductor electrodes. In particular, if band edges shift due to 

oxidation or reduction of the surface, or if interfacial states are created due to a change in 

potential, the rate constants may depend on the applied potential and the light intensity.
157

 

Figure V.13 shows a representative current – potential curve under blue LED illumination, 

and IMPS plots are presented for selected potentials while a complete sets of IMPS plots 

are presented in figure V.14. 

 

Figure V. 13. Current - voltage curve under light and dark conditions, with IMPS plots presented at 

selected potentials. These data were obtained for a WO3 film of 4.3 µm thickness. 
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At potentials more negative than 0.7 V, the steady-state photocurrent is close to zero, which 

may imply that the photogenerated carriers recombine. At applied potentials more positive 

than 0.7 V, an onset of photocurrent related with a photo oxidation of water is 

observed.
137,156

 This is reflected in the IMPS plot presented at 0.72 V (RHE), where the 

intercept with the real axis at low frequencies moves away from zero, indicating a steady-

state photocurrent. A semicircle is observed in the first quadrant, related with the 

competition between recombination and charge transfer to the electrolyte solution.
137,156–

158,161,162,173
 If the recombination rate becomes smaller in comparison to the charge transfer 

rate to the electrolyte solution, this semicircle should decrease and, ultimately, disappear, as 

we can observe when the potential is shifted to more positive values.
137,156–158,161,162,173

 At 

the same time, an increase in photocurrent is obtained at more positive potentials, 

associated with a decrease in the recombination semicircle in the first quadrant.  

Figure V. 14. IMPS Nyquist plots obtained at different scan potentials (V vs RHE) with a 455 nm 

blue LED as the illumination source. The frequency was modulated from 20000 to 0.02 Hz. 

The kinetic rate constants and the hole transfer efficiency to the electrolyte solution, 

obtained from the IMPS analysis at different potentials, are presented in figure V.15. 

According to figure V.15a, the recombination (Krec) and charge transfer (ktr) rate constants 

seems to depend in a very similar way with the applied potential. At more positive 

potentials, both charge transfer and recombination become slower, while at potentials 

closer to 0.7 V, both processes are faster. However, at potentials more positive than about 
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1.0 V, it is important to observe that the charge transfer rate constant to the electrolyte 

solution is significantly larger than the recombination rate constant, highlighting the 

potential of the material to work as an electrode on the water oxidation reaction. The 

sudden change of both rate constants in a very similar way between 0.8 – 1.0 V implies that 

a surface modification occurs, which significantly affects both processes. From the 

semicircle in the fourth quadrant, the RC time constant of the cell can be obtained, and in 

order to compare this with the rate constants for charge transfer and recombination, 1/τRC is 

also shown in figure V.15a. It is clear that at potentials more positive than 1.0 V, the RC 

process is much faster than the charge carrier kinetics, which allows for an adequate 

determination of the respective rate constants, however, at potentials more negative than 

0.8 V, the RC charging process is clearly at the same order of magnitude, which effectively 

makes it unreliable to determine the charge transfer and recombination rate constants at 

these potentials.  

 

Figure V. 15. (a) Charge transfer rate constant (ktr) and recombination rate constant (krec), as well as 

the 1/τRC frequency cell constant as a function of the applied potential; (b) Relative transfer 

efficiency as a function of applied potential obtained from IMPS analysis. 

Another way of understanding at this result is that charge transport through the WO3 film 

and the corresponding charging of the surface limits the Faradaic charge transfer to the 
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solution, thus resulting in the strong decrease in current at these potentials. In spite of 

presenting relatively sluggish charge transfer to the electrolyte solution at potentials above 

1.1 V, figure V.15b shows that the relative transfer efficiency to the electrolyte solution it is 

actually higher when increasing the applied potential. This is due to a suppression of the 

recombination reaction, implying that a higher percentage of the charge carriers collected at 

the semiconductor surface will transfer to the electrolyte solution, favoring an oxidation 

reaction at the semiconductor surface.  

 

Figure V. 16. IMPS plots as a function of WO3 film thickness. All the measurements were 

performed at 0.82 V. 

IMPS as a function of film thickness. Figure V.16 shows the IMPS results for WO3 

electrodes as a function of film thickness. It is noticeable that the intercept with the real 

axis in the right upper quadrant at intermediate frequencies (around 10 Hz) occurs at higher 

values for thicker films, although there seems to be no significant difference once the 

thickness of the electrode is around 4 µm. This intercept is related with the flux of 

photogenerated carriers towards the surface of the semiconductor upon illumination.
137,156–

158,161,162,173
When the electrode is made thicker, more photogenerated carriers can travel to 

the semiconductor surface, thus increasing the current. However, as discussed previously, 
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there is an optimum value for the film thickness, which is also observed with the IMPS 

measurements. 

Figure V. 17. a) Charge transfer rate to the electrolyte solution; b) surface recombination rate as a 

function of the WO3 thickness film and applied potential. The right side in each plot show the 

transfer efficiency as a function of WO3 thickness and c)RC as function of applied voltage. d) 

dependence of RC film thickness.  

The right lower quadrant is formed by the contribution of the total resistance of the cell, the 

space charge and the Helmholtz capacitance on the sample, i.e., the RC time.
174

 Figure 

V.17a,b shows that the thickness of the WO3 layer does not significantly influence the 

kinetics of charge transfer and recombination inside the system. The trend for both rate 

constants is consistent with the results reported in figure V.15, where both rate constants 

become slower for applied potentials above about 0.9 V. The right side on figure V.17a 

shows that the transfer efficiency of holes towards the electrolyte solution seems to be 

essentially independent of WO3 thickness, and instead it depends mainly on the applied 

potential. However, there is a trend to an increase in RC time and, hence, a slowing down 
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of the transport and charging process with increasing thickness (figure V.17d), which may 

affect the onset potential of the photocurrent somewhat. In spite of having very similar rate 

constants and the implication that the thickness does not influence the kinetics of the 

system, the current - potential curves presented in figure V.12 clearly show that the 

photocurrent increases as the thickness of the WO3 increases. This strongly suggests that 

the charge carrier driving force is also determined by light penetration and not only by 

kinetics; hence the ideal thickness of the photoelectrode is clearly related to the absorption 

coefficient of the semiconductor material. 

 

Figure V. 18. (a) Charge transfer rate constant (ktr) and recombination rate constant (Krec), as well 

as the 1/τRC frequency cell constant as a function of the photon flux (base light intensity); b) 

Relative transfer efficiency as a function of photon flux; c) RC time constant on the cell for WO3 

electrodes with different thickness as a function of photon flux. The measurements were performed 

at 0.82 V. 

IMPS as function of light intensity. Figure V.18a shows the dependence of the surface 

recombination and charge transfer processes as a function of the base light intensity at 0.82 
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V, close to the photocurrent onset: both rate constants become faster when the system is 

irradiated with a higher number of photons. This is another illustration of the complex 

dynamics at these porous, nanoparticulate oxide semiconductors: the increase in light 

intensity appears to slightly disfavor charge transfer, hence, although the charge transfer 

rate constant is larger than the recombination rate constant regardless of the illumination 

intensity, the charge transfer efficiency appears to increase at lower illumination intensities. 

Similarly, the RC time constant decreases as the illumination intensity increases, which 

may indicate a somewhat faster transport and charging process at higher light intensity. 

This trend is observed in many oxide semiconductors and is regularly interpreted in terms 

of a trap-limited transport process. The behavior of the RC time constant as a function of 

potential does not depend significantly on the thickness of the semiconductor layer. De 

Jongh and Vanmaekelberg
175

 proposed that the RC time constant obtained from IMPS 

measurements was closely related with the diffusion time of the majority carriers in the 

semiconductor, in this case electrons. Taking this approximation, the diffusion time of 

electrons are represented by figure V.17d as a function of potential, semiconductor 

thickness and illumination intensity. Disregarding the thinnest electrode and comparing at 

the same potential, it suggests that the diffusion time is higher for thicker electrodes and it 

seems to increase with more positive potentials. Figure V.18(c) shows that the diffusion 

time will be shorter at higher illumination intensities, which is what is expected in some 

transport mechanisms limited by traps.  

Conclusions 

In this work, we present a simple method to synthesize WO3 with a favorable 

photoelectrochemical response for the water oxidation reaction. This photocurrent response 

shows an optimal thickness under front side illumination of about 4 µm, but almost a steady 

state photocurrent was obtained for thicker films under back side illumination. IMPS 

measurements illustrate that for this material the charge transfer rate constant and relative 

efficiency is mainly determined by the potential applied and not so much by film thickness. 

For potentials more negative than about 0.8 V, the charge transfer and recombination rate 

constants are faster probably as a result of a surface modification, meanwhile for more 

positive potentials a slow charge transfer and recombination process are obtained. 
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Additionally, it was found that charge transfer rate to the electrolyte solution is faster than 

the recombination rate, highlighting the potential of the material to work as an electrode in 

the water oxidation reaction. The results also show that charge carrier-driving force is 

strongly determined by light penetration and not only by carrier dynamics.  
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V.3. Effect of Surface Recombination on the Photoelectrochemical 

Performance of WO3-CuWO4 and CuWO4-BiVO4 Heterojunction Materials 
 

Due to its interesting photocatalytic properties, CuWO4 is an attractive n-type 

semiconductor with potential application in solar water splitting. As this material is 

considered as an indirect n-type semiconductor, a thick layer is necessary for a good light 

absorption that present a low photocurrent density. Also, carrier mobility is low due to trap 

states associated with Cu3d electrons. The low current density is associated to reduced 

chemical efficiency and slow surface kinetics. 
113,114

 

After the hydrothermal growth of the WO3 nanorod array films, the samples presented a 

blue color, which has previously been related to the presence of (NH4)WO3 
165

. After 

annealing at 550 °C, the layers turned to a yellowish color corresponding to stoichiometric 

WO3. After the conversion step using a Cu(NO3)2 solution, the impregnated films sintered 

at 550 °C and 650 °C turned to bright yellow in concordance with previous reports 

114,176,177
, while for films annealed at 450 °C a light yellow coloration was observed. 

Figure V.19 shows the X-ray diffraction patterns and the cross-sectional SEM images of the 

sintered WO3 and CuWO4 films at different temperatures. Figure V.19a illustrates that the 

WO3 nanorod film sintered at 550 °C exhibits the characteristic plane reflections of 

monoclinic WO3.  

Note that the intensity of the (002) plane reflection is lower than the half of the expected 

value indicating a considerable preferential orientation along the [001] direction, in 

accordance with the rod-like morphology, essentially orthogonal to the substrate surface. 

After impregnation with the Cu
2+

 solution followed by annealing at 450 °C, weak 

reflections at 15.2° and 18.8° indicate a small fraction of CuWO4 in the films, thus forming 

a WO3-CuWO4 heterojunction; these reflections correspond to the (010) and (100) planes 

of the triclinic crystal structure of the tungstate phase (JCPDS # 72-0616). After annealing 

at 550 °C, a mixture of WO3 and CuWO4 is still present, while after annealing at 650 °C the 

majority of material corresponds to CuWO4.  With increasing annealing temperature, the 

complete crystallization of CuWO4 can be observed, as shown in figure V.19a-iv. 

According to previous reports, the decomposition of Cu(NO3)2 occurs first at 170 °C 
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forming CuO 
177,178

, which afterwards reacts with WO3 to produce CuWO4 at about 550 °C 

113
. 

Figure V. 19. a) XRD patterns of the WO3 and CuWO4 films: i) WO3 film annealed at 550 °C, ii), 

iii), iv) CuWO4 films prepared at annealing temperatures of 450, 550 and 650 °C, respectively. On 

the right, cross-sectional SEM images of b) CuWO4 sintered at 450 °C; c) CuWO4 sintered at 

550 °C; d) CuWO4 sintered at 650 °C. e) HRTEM image of an individual nanorod of CuWO4 

sintered at 550°C. 

A cross-sectional SEM image for film annealed at 450 °C is shown in figure V.19b, where 

the 1D rod array structure is visible with a 960 nm thickness, suggesting that the 

morphology of the sacrificial template has not been appreciably changed at this 

temperature. For the film sintered at 550 °C film (figure V.19c), the reduced elongation of 

the rods results in an apparently more compact film as result of the volume contraction 

corresponding to the conversion of WO3 to CuWO4: the monoclinic WO3 unit cell and a 
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volume of about 422.8 Å
3
, while CuWO4 is triclinic with a unit cell and a volume of about 

132.1 Å
3
. Interestingly, the CuWO4 morphology observed is similar to the typical 

morphology of WO3 sintered at temperatures higher than 600 °C, indicating an epitaxial 

growth mechanism. After sintering at 650 °C, the CuWO4 grain size increases and the 

pinacoidal morphology is easily observable in particles larger than 100 nm. The high-

resolution TEM image in figure V.19e of particles annealed at 550 °C shows a lattice 

spacing of 0.387 nm, that matches with the (110) inter-planar distance of triclinic CuWO4. 

However, as the triclinic structure shares several inter-planar distances with WO3, it is 

difficult to conclude from TEM if the system is phase-pure. 

The normalized UV-Vis absorbance spectra of the WO3 and the CuWO4 array films 

obtained at different temperatures are shown in figure V.20. The WO3 nanorod array film 

shows an absorbance onset wavelength of 480 nm corresponding to a bandgap of about 2.6 

eV 
95,104,107,179

. Upon conversion of WO3 into CuWO4, the band edge absorption 

wavelength gradually red-shifts to 550 nm, that corresponds with the relatively narrow 

bandgap of about 2.3 eV of CuWO4 
112,113,176

.  

Figures V.20b and c show IPCE plots recorded at 1.42 V(RHE) for CuWO4 films prepared 

at different annealing temperatures, under front-side and back-side illumination. Under 

back-side illumination, the light corresponding to the wavelength range from 300 – 340 nm 

is effectively absorbed by the FTO substrate, thus limiting the observed photocurrent. In 

general, it can be concluded that the films prepared at 450 °C and 550 °C exhibit similar 

IPCE values, with much smaller values for the sample sintered at 650 °C. These results 

indicate that although light absorption is very similar for the films annealed at 650 °C, the 

photocurrent is much smaller suggesting that either charge separation or surface 

recombination significantly affect the collection efficiency of the photoanode. Note that the 

films annealed at 650 °C consist of essentially pure CuWO4, but that at lower annealing 

temperature, a core of WO3 is still apparently present, which appears to be essential in 

order to obtain photocurrent.  
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Figure V. 20. a) UV-Vis absorbance spectra of WO3 annealed at 500 °C for 3 h, and CuWO4 

prepared by annealing at 450 °C, 550 °C and 650 °C for 1 h; the inset in a) shows a photograph of 

samples. Figures b and c show the IPCE versus wavelength measured for CuWO4 films annealed at 

450 °C, 550 °C and 650°C: b) under front-side illumination; and c) under back-side illumination. 

Figure V.21 shows the current density – potential (I-V) curves for the WO3-CuWO4 

samples prepared at different annealing temperatures under simulated 1 sun illumination 

(100 mW cm
−2

) in two different electrolyte solutions; a phosphate buffer at pH 7 and a 
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borate buffer at pH 9. In the dark, the CuWO4 electrodes exhibit an I-V curve typical for an 

n-type  semiconductor, with no appreciable anodic current from 0.5 V(RHE) to 1.8 

V(RHE), while a forward cathodic current is observed at more negative potentials; at a 

potential larger than 1.8 V a dark oxidation current is observed caused by either a 

breakdown mechanism or oxidation at the partially exposed FTO surface related to the 

porosity of the films. Under illumination, the anodic photocurrent onset for all films was 

observed at about 0.7 V(RHE), related to the water oxidation reaction 
176,177,180,181

.  

Figure V. 21. Current density–potential curves of the CuWO4 photoanodes in: a) 0.1 M phosphate 

buffer solution at pH 7; b) 0.1 M sodium borate buffer solution at pH 9. Figure c shows a 

comparison between the curves for both pH values under back-side illumination. The curves were 

measured under 1 sun, AM 1.5G at 100 mW cm
-2

. Figure d shows the I-V curves for illumination 

with a 455 nm blue LED source. 

The photoelectrodes annealed at 450 °C showed a better performance under both front and 

back-side illumination than the electrodes annealed at 550 °C and 650 °C, with a 

photocurrent of 0.4 mA/cm
2
 at 1.5 V(RHE). This correlates with the observation that the 
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material annealed at 450 °C has a significant presence of WO3, which has been reported to 

have a better charge collection efficiency than CuWO4 
104,145,182

, while surface states 

significantly affect the performance of CuWO4 
176

. On the other hand, WO3 has a poor 

stability at pH 7 and 9, and it seems that even a small amount of CuWO4 can prevent 

surface degradation. The electrodes annealed at 550 °C and 650 °C suffer from a large 

photocurrent difference under front and back-side illumination. This suggests that the 

collection efficiency is smaller for front-side illumination: although light absorption is 

better from the front side, the carriers are generated further from the FTO contact, resulting 

a larger loss of photocurrent. The low photocurrent obtained for the samples annealed at 

650 °C, even under back-side illumination, correlates with the presence of larger particles 

and smaller surface area. Figure V.21c shows that the PEC performance is very similar in 

neutral and slightly basic electrolyte solutions. Figure V.21d shows the I-V curves obtained 

under monochromatic illumination using the 455 nm blue LED. The I-V curves show a 

better pronounced photocurrent plateau at potentials larger than 1.1 V(RHE), without 

change of the onset potential. Simulated sunlight contains photons of different energy, 

which are absorbed at different average distance from the incident surface; if the collection 

efficiency is a function of applied potential, the I-V curve is expected to show a slow 

increase in photocurrent with increasing potential.  

In order to better understand the effect of materials properties on the charge separation and 

collection dynamics for the different electrodes prepared, a detailed IMPS analysis has been 

performed as a function of applied potential. Figure V.22 shows the IMPS spectra as a 

function of applied potential for the samples annealed at 450 °C, 550 °C, and 650 °C. In 

general, it can be observed that the crossing point on the Re(H) axis moves to larger values 

for more positive potentials, indicating that the CSE increases with more positive potential. 

Hence, an internal potential difference is developed that helps charge separation for all 

three samples. The materials annealed at 450 °C and 550 °C show similar values for the 

CSE, while the material annealed at 650 °C shows a CSE of a factor 10 times lower. This 

indicated that charge separation is not achieved efficiently for the CuWO4 sample, 

suggesting that bulk recombination is faster than collection. On the other hand, for the 

samples with WO3-CuWO4 heterojunction, charge separation is much more efficient, which 
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indicated that the charge is separated across the heterojunction, thus preventing bulk 

recombination.   

For all samples, at potentials more negative than 0.6 V(RHE) the IMPS spectra essentially 

remain in the origin, indicating that charge separation is not achieved, i.e., all generated 

electron – hole pairs recombine in the bulk of the materials. Between 0.6 – 0.9 V(RHE), the 

IMPS spectra present two semicircles, the low-frequencies semicircle in the first quadrant 

is associated to the competition between recombination and charge transfer to the 

electrolyte solution, while the high-frequency semicircle in the fourth quadrant is given by 

the cell time constant.  

 

Figure V. 22. IMPS spectra obtained for photoelectrodes annealed at: a) 450 ºC; b) 550 ºC; and c) 

650 ºC. The experiments were performed using a 455 nm blue LED as the illumination source. The 

frequency was modulated from 10,000 Hz to 0.05 Hz. The electrolyte solution consisted of a 0.1 M 

phosphate buffer at pH 7. 
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For potentials more positive than 0.9 V(RHE) the semicircle in the first quadrant is no 

longer observed, suggesting that charge transfer is more efficient at more positive potentials 

104,137,157,161–163,183
. Interestingly, for the material annealed at 450 °C, at potentials more 

positive than 1.1 V(RHE) the semicircle in the fourth quadrant appears to be deformed. 

This is likely related to the significant presence and contribution of both phases, WO3 and 

CuWO4, to the charge transfer process. At potential more positive than about 1.3 V(RHE), 

the IMPS spectra stay essentially the same suggesting that the photocurrent plateau have 

been reached, which is in good agreement with the I-V curves in figure V.21d.  

The rate constants for charge transfer and surface recombination are shown as a function of 

the applied potential in figure V.23. It can be concluded that the cell time constant is 

significantly smaller (i.e. at higher frequency), and that the rate constants observed for the 

samples annealed at 550 °C and 650 °C are similar, while for the samples annealed at 450 

°C, the rate constants are smaller. For the 450 °C photoelectrode, consisting of the WO3 - 

CuWO4 heterojunction with the largest fraction of WO3, the rate constant for surface 

recombination is significantly smaller, allowing for a relatively high charge transfer 

efficiency. Combined with the observation that the CSE for 450 °C is similar to the samples 

at 550 °C, and a factor 10 larger than for the 650 °C samples, these results are in agreement 

with the higher photocurrent observed for the heterojunction sample prepared at 450 °C.   

In summary, the IMPS results show that the WO3 - CuWO4 heterojunction obtained by 

annealing at 450 °C has the largest conversion efficiency, related to both a higher charge 

separation efficiency and a higher relative transfer efficiency at lower potentials. It can be 

concluded that although CuWO4 has superior light absorption characteristics, it is 

necessary to optimize a heterojunction configuration in order to fully take advantage of 

these properties.  
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Figure V. 23. Charge transfer (ktr) and surface recombination rate constant (krec), as well as the 

frequency corresponding to the cell time constant as a function of the applied potential, 

corresponding to the results shown in figure V.22.  

BiVO4/CuWO4 heterojunction. BiVO4 has been considered as a promising oxide material 

for solar water oxidation; the band gap of about 2.4 eV 
134,184–186

 permits the absorption of a 

considerable part of the solar spectrum, and the direct transitions allows for thin films to 

absorb most of the incident light, unlike CuWO4. As for most semiconducting oxides, the 

integration of an oxygen evolution catalyst improves the photoelectrochemical efficiency 

140,187,188
, and strategies to further improve the performance consists in the formation of 

heterojunctions to enhance the charge carrier collection 
125,189–191

.  

From the results in the previous sections, it was concluded that the materials annealed at 

450 ºC and 550 ºC contain a CuWO4 - WO3 heterojunction, which helps in maximizing the 

CSE. We used this material as a substrate and deposited a thin BiVO4 film on top to 

determine the influence of a second heterojunction, comparing the results with 

photoelectrodes of the CuWO4 - WO3 material annealed at 550 ºC, and BiVO4 

photoelectrodes deposited by spin coating. In the following, the CuWO4 – WO3 material 

annealed at 550 ºC will be denominated CuWO4 electrode for convenience. Figures V.24a 

and b show the XRD patterns of the BiVO4 - CuWO4 heterojunction, a BiVO4 film of about 

200 nm, and the standards of each phase. It can be concluded that the heterojunction 

material shows a pattern that is a simple sum of the patterns of both components. 

FigureV.24c shows SEM micrographs (top view and cross-sectional images) of the 
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BiVO4/CuWO4 heterojunction film. A porous thin (about 100 nm) layer of BiVO4 

consisting of small and homogeneous particles is observed on the top of CuWO4 film. 

Although the BiVO4 layer presents some porosity, the particles form an interconnected 

film. The corresponding UV-Vis absorbance spectra are shown in figureV.24d. The 

heterojunction presents an absorption profile that resembles the weighted average of the 

individual phases. 

 

Figure V. 24. XRD pattern of: a) the BiVO4 - CuWO4 heterojunction; b) the BiVO4 film (200 nm). 

The reference patterns correspond to CuWO4 (JCPDS # 72-0616) and BiVO4 (JCPDS #14-0688). c) 

Top view and cross-sectional images of BiVO4 - CuWO4 heterojunction. d) Absorbance spectra of 

the films for each phase. 
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Figure V.25a shows the current density - potential curves for CuWO4 (550 ºC), BiVO4 - 

CuWO4 and BiVO4 photoelectrodes in 0.1 M phosphate buffer (pH 7) under blue LED (455 

nm) front-side illumination. It can be observed that the onset for BiVO4 is at a potential 

about 500 mV more positive than for the BiVO4 - CuWO4 heterojunction electrode, which 

is similar as for the CuWO4 electrode. At 2.1 V(RHE), the photocurrent for BiVO4 only is 

1.8 mA/cm
2
, while for the BiVO4 - CuWO4 electrode the photocurrent is 1.5 mA/cm

2
, and 

for the CuWO4 electrode the photocurrent is a factor 10 times lower. Figure V.25b shows 

corresponding IPCE measurements at 1.22 V(RHE). The BiVO4/CuWO4 heterojunction 

shows a significantly higher IPCE than the other photoelectrodes, with an onset shift close 

to 600 nm corresponding to an optical absorption edge of about 2.1 eV. The IPCE response 

for BiVO4 shows a lower value, suggesting that although the material presents higher 

absorbance, recombination at this potential is very fast.  

 

Figure V. 25. a) Current density – potential curves, and b) IPCE for BiVO4, BiVO4 - CuWO4 and 

CuWO4 photoanodes in 0.1 M phosphate buffer solution at pH 7, illuminated with a 455 nm blue 

LED source from the electrolyte side of the cell. 
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To understand the role of surface processes and the role of each phase in the 

heterojunctions, IMPS measurements were performed. Figure V.26 shows IMPS spectra as 

a function of the applied potential for BiVO4 and BiVO4/CuWO4 heterojunction 

photoelectrodes. For BiVO4, a first quadrant semicircle is observed from 0.6 - 1.5 V(RHE) 

that ends back in the origin at low frequencies, indicating that although charge separation is 

achieved, not many holes are transferred to the electrolytic solution as surface 

recombination dominates in agreement with previous reports 
137,143

. It can also be 

concluded that the CSE for the BiVO4 only film is also not large – the medium frequency 

crossing point occurs at relatively small values for the CSE. When the potential is 

increased, the low frequency intercept on the H´-axis slowly shifts to larger values, 

indicating an increase in EQE, which is reflected in the I-V curve.  

 

Figure V. 26. IMPS spectra of: a) BiVO4; and b) BiVO4 - CuWO4 heterojunction photoelectrodes 

as a function of applied potential in 0.1 M phosphate buffer under blue LED illumination. 
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The IMPS spectra for the BiVO4/CuWO4 heterojunction show a different tendency. At 

potentials more negative than 1.0 V(RHE), an upper semicircle is observed that quickly 

becomes smaller when the voltage increases, indicating the balance between recombination 

and transfer is similar as was observed for the CuWO4 photoelectrode. The CSE increases 

significantly at potentials more positive than 1.0 V(RHE), indicating the influence of the 

internal field. 

 

Figure V. 27. a) Crossing points and intercepts from the results shown in figure V.26 on the H´-axis 

of: a) BiVO4; and b) the CuWO4 and CuWO4 - BiVO4 photoelectrodes. The medium frequency 

crossing point corresponds to the CSE, while the low frequency intercept pertains to the EQE, 

respectively. 

These results are highlighted in figure V.27: the crossing point on the H´-axis at medium 

frequency, corresponding to the CSE, and the intercept at very low frequency, 

corresponding to the EQE, are plotted against the applied potential. For both the CuWO4 

and the BiVO4 – CuWO4 heterojunction photoelectrodes, CSE = EQE for potentials more 

positive than about 1.0 V(RHE) indicating that charge transfer is faster than surface 
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recombination, and only between 0.6 – 1.0 V(RHE), there is a slight influence of surface 

recombination. However, for the BiVO4 electrode, the CSE is larger than the EQE between 

1.0 – 1.8 V(RHE), which shows that surface recombination losses are important. Note that 

the CSE for BiVO4 is still lower than for the BiVO4 – CuWO4 heterojunction, which 

indicates that although light is efficiently absorbed, bulk recombination prevents the 

observation of a high value for the CSE. Interestingly, also the EQE is much larger for the 

BiVO4 – CuWO4 heterojunction than for the two materials alone, indicating that charge 

separation across the heterojunction significantly improves collection, not only by 

improving the CSE but also the transfer efficiency, by lowering the impact of surface 

recombination. 

Conclusions 

In this work, CuWO4 films were synthesized by chemical modification of a WO3 nanorod 

array as a partially sacrificial template, using a Cu(NO3)2 solution. The films annealed at 

450 °C preserves the morphology of the sacrificial template, and XRD indicates that these 

films are composed of a WO3 - CuWO4 heterojunction. The films annealed at 550 °C 

consist mainly of CuWO4, although a core of WO3 remains. At 650 °C, the material 

transforms completely into the CuWO4 phase, accompanied by a change in the grain size 

and morphology. The optical properties illustrate the transformation with the absorbance 

onset moving from the typical onset for WO3 (2.6 eV) to that of CuWO4 (2.3 eV). The 

photo-oxidation of water under front-side and back-side illumination demonstrate the 

collection problem of CuWO4: Photoelectrodes annealed at 650 °C show a low 

photocurrent, due to a low charge separation efficiency. These results indicate that bulk 

recombination dominates the photoelectrochemical performance. For the photoelectrodes 

obtained at 450 °C and 550 °C, the current is higher, with similar charge separation 

efficiency. IMPS spectra for the material annealed at 450 °C shows that WO3 also 

contributes to the charge transfer of photogenerated holes to the solution.  Hence, it can be 

concluded that the heterojunction structure of the CuWO4 – WO3 photoelectrodes is 

beneficial in order to increase both the charge separation and external quantum efficiency. 

In addition, the CuWO4 serves as a protective layer for the WO3 material that is not 

generally stable at pH 7. In fact, good performance was also observed in a solution at pH 9. 
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The CuWO4 – WO3 material annealed at 550 °C was further explored as an underlayer 

substrate and using BiVO4 as an overlayer. The advantages of this configuration include a 

better light harvesting, as BiVO4 is a direct semiconductor while CuWO4 is characterized 

by an indirect gap, and the inclusion of a second heterojunction. It is found that a BiVO4 

photoelectrode alone suffers from a low CSE due to bulk recombination as well as a lower 

EQE related to surface recombination. These two detrimental effects can be mitigated by 

using the CuWO4 – WO3 underlayer, which effectively extracts the photogenerated 

electrons thus preventing both mechanisms of recombination.   
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V.4. Insight into the charge transfer processes at WO3/BiVO4 sandwich 

heterojunction photoanodes 

 

It has been shown in literature that WO3/BiVO4 heterojunction systems can generate a 

much larger photocurrent density than for the respective bare films.
142,145,192–194

 The suitable 

light harvesting ability of BiVO4 combined with the good electron conductivity of WO3 

make this heterojunction system particularly attractive for solar water splitting. Related to 

the band alignment between both oxides, the transfer of photoexcited electrons from the 

BiVO4 CB to the WO3 CB is possible, followed by rapid transport to the external circuit 

promoted by the higher electron mobility of WO3.
141

 Several groups have investigated this 

heterojunction coupling them in different configurations, including the sandwich 

structure.
142

  

The sandwich structure deposited by spin coating showed a higher photocurrent density in 

comparison with a cross finger configuration, but the exact nature of the charge carrier 

processes in the sandwich structure is still a mystery. In this structure, BiVO4 layer form an 

interface between the electrolyte solution and the heterojunction while WO3 was deposited 

as the first layer in order to be in contact with the FTO as it is shown in figure V.28. 

 

Figure V. 28. Scheme of WO3/BiVO4 sandwich heterojunction. The white rectangles correspond to 

WO3 layer deposited while the yellow rectangles correspond to BiVO4. 



 

 
90 

Once deposited by spin coating the films were annealed at 500 °C, and a yellow, 

transparent film was achieved on the FTO substrate. FigureV.31 shows the XRD patterns of 

the WO3–BiVO4 sandwich heterojunction; for these photoelectrodes, the peaks 

corresponding to WO3 and BiVO4 and clearly observed, and there is no indication of any 

new compound formation.  

 

Figure V. 29. X-ray diffraction patterns of the WO3 (JCPDS #87-2404) and BiVO4 (JCPDS #14-

0688) references, and the fabricated WO3–BiVO4 sandwich heterojunction film. 

The surface morphologies of bare BiVO4 films and the sandwich heterojunctions are shown 

in figure V.30. These films present the same morphology observed in previous work.
142

 

SEM images show that the grains of bare BiVO4 are irregular in size, and that BiVO4 and 

WO3 particles in the sandwich configuration are interconnected.  

Cross sectional SEM images of the bare films show that the WO3 film thickness is around 

50 nm while for BiVO4 the film thickness is 250 nm. The sandwich structure, 

heterojunction film thickness is found around 300 nm, equal to the sum of both layers.  
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Figure V. 30. On the left, top view of the sandwich heterojunction configuration. On the right, 

cross-sectional images of the WO3, BiVO4 and WO3-BiVO4 sandwich structure films.  

UV-Vis absorptance spectra are shown in figure V.31a). The onset of light absorption for 

WO3 films is at around 450 nm, while for BiVO4 photoelectrodes, the absorption edge is 

observed around 550 nm. In case of the heterojunctions configuration we observe two 

absorption edges, essentially corresponding to the sum of the WO3 and BiVO4 bare films. 

 

Figure V. 31. a) Absorptance spectra for WO3, BiVO4 and WO3-BiVO4 heterojunctions. b) Current- 

potential curves for WO3, BiVO4, and WO3/BiVO4 heterojunction films, under simulated sunlight 

(100 mW/cm
2
) in an aqueous solution of 0.5 M sodium sulfate (Na2SO4) at pH 6.88. 
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Figure V.31b shows a set of linear-sweep voltammograms (RHE) obtained when the films 

are illuminated through the electrolyte (front-side illumination) with a calibrated light 

intensity of 100 mW/cm
2
 AM 1.5G. Upon illumination, the BiVO4 bare film showed a 

photocurrent onset at about 1 V (RHE), with an additional current onset at 1.5 V (RHE), 

similar to the observations in section V.3. In the case of the WO3 film, the photocurrent 

onset is found at about 0.5 V (RHE)and a plateau photocurrent is reached at 1.5 V (RHE). 

The sandwich structure shows a significant photo-response enhancement, with the 

photocurrent onset being the same as obtained for WO3 bare films.  

The right choice of the electrolyte solution plays an important role in the charge transfer 

processes across the semiconductor/electrolyte interface, as the electrolyte composition, 

concentration and pH can influence the performance of the PEC cell. In most of the articles 

were the BiVO4/WO3 system is studied, the electrolyte solution is based on 

Na2SO4,
142,192,193,195

 mainly because of the good stability of BiVO4 in this electrolyte 

solution. However, to our knowledge, there is no study of pH influence on the 

photoresponse of the material. As WO3 is part of this system, a small decrease in the pH 

could improve the current density: figure V.32a shows the I-V curves at in electrolyte 

solutions as a function of pH. At neutral pH, the photoresponse is smaller than for other pH 

values; additionally, the onset is more positive. Interestingly, when the pH decreases, an 

increase of photocurrent density is observed for the films while the onset is shifted to more 

negative potential values. The best photoresponse is observed at pH 3. This can be related 

to the presence of WO3 particles on the surface contributing to the charge transfer process.  
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Figure V. 32. a) Current density vs applied potential curves of the BiVO4/WO3 sandwich measured 

at different pH values. The curves were measured using 0.5 M Na2SO4 adjusted at different pH and 

a Xe lamp as illumination source. b) I-V curves of BiVO4, WO3 and sandwich heterojunction using 

0.5 M Na2SO4  (pH 6.88) and a blue LED as illumination source. 

Although the best performance was obtained at pH 3, the IMPS characterization was 

performed at neutral pH, in order to compare the results to literature. Before measuring the 

IMPS spectra of each film in order to analyze the charge dynamics, a blue LED (455 nm) 

was used to measure the I-V curves (figure V.32b). Under blue LED illumination, the 

sandwich heterojunction presents a significantly better performance than that obtained for 

only BiVO4 and, unlike the results obtained using a Xe lamp (figure V.31b), the WO3 film 

does not show any photocurrent. This is related to the optical absorption of the very thin 

WO3 film, which in addition is relatively weak at 455 nm. This implies that the modulated 

charge carrier generation due to the modulated blue LED light intensity occurs exclusively 

in the BiVO4 phase. The IMPS response will therefore be determined mainly by the charge 

separation and recombination in the BiVO4, while the WO3 serves as an efficient charge 

collector.  

The I-V curve measured under blue LED illumination and the corresponding IMPS spectra 

at different applied potentials of the sandwich heterojunction photoelectrode are shown in 

figure V.33. Between 0.42 and 0.82 V (RHE) the intercept at low frequencies tends to zero, 

indicating that surface recombination is faster than charge transfer to the solution. For 

BiVO4/WO3 sandwich structure, the photocurrent onset is observed at about 0.8 V 
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indicating that charge transfer to the solution becomes faster than recombination. This 

behavior can be monitored by the decrease of the semicircle present in the first quadrant of 

each IMPS plot as the potential is increased, related with the values of the recombination 

and charge transfer rate constants.  At V > 1.42 V (RHE), a deformation in the second 

quadrant semicircle is observed that suggest that a second reaction pathway is created that 

influences the IMPS behavior. The appearance of the deformation coincides with the 

observation that the electrode surface presents bubbles due to the water oxidation reaction. 

It is important to mention that some authors attribute similar observations to a current 

multiplication process related to the use of a hole scavenger or other parallel reactions.
126

  

 

Figure V. 33. I-V curve of the WO3–BiVO4 sandwich heterojunction photoelectrode in an aqueous 

solution of 0.5 M Na2SO4 under blue LED illumination. The insets correspond to the IMPS spectra 

at th e specified applied potential.  

The transfer and recombination rate constants and relative charge transfer efficiency are 

shown in figure V.34. At V < 0.82 V a full circle is observed, indicating that charge 

separation across the space charge layer is achieved, but that surface recombination is faster 

than hole transfer to the solution; i.e., the recombination rate constant is larger than the 

transfer rate constant. 

When the applied potential is close to the photocurrent onset at 0.9 V, the tendency changes 

and transfer rate constant becomes larger than the recombination rate constant, implying 
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that transfer process is activated on the electrode. As shown in the IMPS plots as a function 

of the potential, the relative charge transfer efficiency increases as the potential is 

increased, which leads to an increase in steady-state photocurrent.  

Figure V. 34. On the left, charge transfer and recombination rate constants versus applied potential, 

and, on the right, the relative charge transfer efficiency versus potential, both for the WO3/BiVO4 

sandwich heterojunction photoanode. 

These results indicate that WO3 enhances the charge collection of BiVO4 better than 

CuWO4. Although there is a significant improvement in performance, the use of a co-

catalyst could improve further the current density of the heterojunction system and shift the 

I-V curves to more negative potentials.  

Conclusions  

WO3/BiVO4 heterojunction films have been synthesized by spin coating in a multilayer 

sandwich configuration. The heterojunction presents an optical band gap of 500 nm similar 

to BiVO4 films. From the cross-sectional SEM images, it was not possible to confirm the 

multilayer configuration, rather it appears that particles of each material are interconnected 

and that both phases take part in water oxidation. The photocurrent measured at pH 7 

appears stable, however, it has been shown that a photoresponse improves for a solution of 

pH 3. IMPS measurements using a blue LED as illumination source shed light on the 

charge carrier dynamics of BiVO4 and its interaction with WO3, which is mainly a charge 

collector. The current density of the system may be further increased by the addition of co-

catalyst to decrease surface recombination at lower voltages. 
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V.5. IMPS Study of Sn-doped iron oxide for solar water splitting 

 

Hematite (-Fe2O3) is an atractive material to be used as photoanode in PEC water splitting 

related to its excelent light absorption properties and abundance. The modification of 

hematite with Sn
4+

 has been reported to lead to an increase of the conductivity and surface 

area of the hematite electrode.
148,196

  

Moreover, potentiostatic anodization is a simple technique for the fabrication of oxide 

photoelectrodes; by adding dopant precursors in the electrolyte solution, the modified oxide 

can be prepared in one step. It has been found that the purity of the iron foil is an important 

parameter in order to obtain efficient hematite photoelectrodes.
197

 The objective of Sn
4+

 

doping consists in improving the conductivity and electron collection efficiency of the iron 

oxide. A complete characterization by XRD, XPS, current – potential curves under sunlight 

illumination, and electrochemical impedance spectroscopy (EIS) has been performed at the 

Clean Energy and Nanotechnology (CLEAN) Laboratory, Joint Laboratory for Energy and 

Environmental Catalysis, School of Energy and Environment, City University of Hong 

Kong, Kowloon, Hong Kong S.A.R., in the group of Dr. Wey Yang Teoh. As part of the 

project, IMPS characterization of the photoelectrodes has been realized at CINVESTAV-

Mérida. For this reason, this section will focus on the photoelectrochemistry and IMPS 

results in this system, after a brief summary of the synthesis and characterization of the 

materials.  

The anodization synthesis of hematite was performed under alternating square wave 

voltage conditions that comprise of highly positive (V+ve = +50 to +80 V) and slightly 

negative voltages (V-ve = -2 to -10 V) at 100 Hz. The range of positive voltages is in line 

with a previous report on the potentiostatic anodization of Fe foil.
198 

As the anodized layers 

are formed, electrostatically adsorbed fluoride ions promote localized etching of the 

anodized layer to form pores. Subsequent switching from positive to negative voltage 

repels the fluoride ions and attracts the conjugate Sn
2+

 cations. The subsequent return to the 

positive voltage co-oxidizes the Sn
0
 and Fe foil and integrates the former into the anodized 

iron oxide layer as Sn-dopant. According to the I-V curves (fig. V.35), the optimum SnF2 

concentration to get the highest current was 75 mM while the optimum duration of 
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anodization synthesis was found to be 20 min (fig. V.35). The optimal annealing 

temperature was determined to be 600 °C. 

Figure V. 35. Linear sweep voltammetry (LSV) of undoped and Sn-doped iron oxide samples 

prepared through the parametric optimization of the synthesis of Sn-doped iron oxide by modulated 

anodization: (a) magnitude of applied positive voltage, V+ve, (b) magnitude of applied negative 

voltage, V-ve, (c) concentration of SnF2, (d) duration of anodization synthesis, and (e) calcination 

temperature. Unless varied under the optimization of each parameter, the standard synthesis 

condition is V+ve = +70 V, V-ve = -5 V, 75 mM SnF2, 20 min anodization synthesis, and calcination 

temperature 600 °C. The insets show the measured photocurrent density of the electrodes at +1.23 

V vs. RHE (J1.23V). The LSV was carried out under simulated solar irradiation, A.M. 1.5 G (1 sun 

intensity), in 1 M KOH aqeuous electrolyte. 

XRD measurements (fig- V.36) of the Sn doped iron oxide annealed at 600 °C, show that 

the sample are composed by a mixture of hematite and magnetite (Fe3O4)). The occurrence 

of mixed magnetite and hematite phases are unique not only to the anodization synthesis 

but the general thermal annealing of metallic Fe substrate,
198–200

 possibly due to the 

interfacial diffusion of lattice oxygen that limited the complete oxidation of the anodized 

layer to Fe
3+

.  Also, previous reports also did not find inferior effects of the mixed 

magnetite and hematite phases.
198 
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Figure V. 36. XRD pattern for Sn-doped iron oxide annealed at 600°C, with the reference peaks 

from the Inorganic Crystal Structure Database (ICSD) of hematite and magnetite. 

The X-ray photoelectron spectroscopy (XPS) was used to gain local information of the 

Sn-doped and undoped anodized iron oxide samples. Figure V.37a shows the Fe 2p XPS 

spectra of Sn
4+

-FeOx and undoped FeOx, consisting of Fe 2p3/2 (711.2 eV) and 2p1/2 (724.8 

eV) belonging to the Fe
3+

 state.
201

 In addition, these peaks are associated with two satellite 

peaks centred at 718.6 and 732.8 eV, respectively.
36

 The Fe 2p3/2 and 2p1/2 peaks at 723.1 

and 709.3 eV with accompanying satellite peaks at 714.2 eV and 728.1 eV, respectively, 

show the presence of Fe
2+

, which verifies the coexistence of Fe3O4 detected earlier by 

XRD. The corresponding O 1s spectra for undoped and Sn-doped iron oxide (figure V.37b) 

show the predominant contributions of lattice oxygen (O
2-

, binding energy at 529.2 eV), 

surface adsorbed moisture/molecular oxygen (binding energy at 531.9 eV) and the surface 

hydroxyls (–OH, binding energy at 530.6 eV).
37

 Analysis of the Sn 3d of the Sn-doped iron 

oxide found the binding energy peak centred at 495.7 eV, inferring the oxidation of Sn
2+

 to 

Sn
4+

 during the process of anodization and thermal treatment (figure V.37c).
202

 Further 

depth profile analyses were carried out to probe the actual distribution of the Sn-dopant. As 

shown in the inset, the Sn-dopant was enriched on the and gradually decreased up to the 
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depth of ~13 nm below the surface. By comparison, we verify in figure V.37d the absence 

of Sn in the undoped iron oxide since the negative voltage polarization was absent 

throughout the anodization process hence preventing the electrostatic adsorption and further 

reaction with Sn
2+

. 

 

Figure V. 37. XPS spectra of (a) Fe 2p and (b) O 1s for Sn-doped and undoped iron oxide. The 

binding energy peaks in (a) are assigned to (1) Fe
2+

 2p3/2, (1’) Fe
2+

 2p3/2 satellite, (2) Fe
3+

 2p3/2, (2’) 

Fe
3+ 

2p3/2 satellite, (3) Fe
2+

 2p1/2, (3’) Fe
2+

 2p1/2 satellite, (4) Fe
3+

 2p1/2, and (4’) Fe
3+

 2p1/2 satellite. 

The depth profile of the Sn:Fe in (c) Sn-doped and (d) undoped iron oxide samples as revealed by 

Ar
+
 sputtering. 

Once it was proved the Sn doping on the electrode’s surface, linear sweep voltammetry in 

dark and under illumination were performed. Figure V.38 illustrate that Sn
4+

 acts as 

electrocatalyst on the FeOx film, where water oxidation starts around 1.3 V vs RHE, while 

for undoped films the water oxidation reaction starts only at 1.5 V vs RHE. Under 

illumination, both films present photoactivity under blue LED illumination. However, the 

doped film presents a slight shift of the onset potential of the photocurrent density. 
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Figure V. 38. I-V curves of Iron oxide (FeOx) and Sn-doped Iron oxide (Sn
2+

-FeOx) measuring in 1 

M KOH using a blue LED as light source.  

Figure V.39 shows the corresponding IMPS spectra of FeOx and Sn-doped FeOx electrodes 

as a function of applied potential. A low frequency semicircle in the upper quadrant is 

observed from 0.8 V to 1.2 V vs RHE in both cases. It can be observed that the medium 

frequency crossing point on the real axis is generally larger for the Sn-doped film, 

indicating a higher charge separation efficiency at the same potential. In addition, at 

relatively low potentials, for the undoped film the IMPS signal ends up close to the origin 

at low frequencies while for the doped samples the low frequency intercept is significantly 

larger at the same potential, indicating a larger external quantum efficiency.  

The potential dependence of the charge transfer and recombination rate constants is 

illustrated in figure V. 40. For doped films, the recombination rate constant tends to 

decrease faster than for undoped film. Also, ktr is larger than for doped films in  accordance 

with previous results.
156

 These results indicate that Sn acts as catalyst for the OER. This 

doping also influences the photocurrent onset; although this effect is not clearly visible in 

the I-V curves, IMPS measurements show a shift of 100 mV in the potential where the rate 

constants for recombination and charge transfer are equal with respect to the undoped 

samples.  
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Figure V. 39. IMPS plots as a function of applied potential of a) FeOx films and b) Sn:FeOx.  

 

The intercepts at medium and low frequencies for Sn-FeOx (figure V.41) show that 

although light is absorbed and excitons are formed in the space charge region, a very small 

number of VB holes are transferred to the electrolyte solution at V < 0.6 V vs RHE. Upon 

increasing the applied potential, the charge separation efficiency (CSE) increases while the 

external quantum efficiency (EQE) lags behind, due to surface recombination. Sn
4+ 

helps to 

decrease surface recombination but does not eliminate this problem. This could be due to 

the short hole diffusion length characteristic of hematite. The layers have a thickness of 9.7 

µm, implying that most of the photogenerated holes are lost by recombination in the bulk. 
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Figure V. 40. Rate constants deconvoluted from IMPS of (a) Undoped iron oxide and (b) Sn doped 

films. 

As part of the work, the influence of Co-Pi on Sn-FeOx films was analyzed. Unfortunately, 

the samples are not stable to be analyzed. Some experiments performed at CLEAN in Hong 

Kong suggest that Co-Pi further reduces surface recombination; however we have not yet 

been able to confirm these results with IMPS.  
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Figure V. 41. Intercept on Re(H) axis for Sn-FeOx, corresponding to the product of CSE and LHE 

at medium frequency, and the small-signal external quantum efficiency for the frequency limit to 

zero, respectively. 

Conclusions  

IMPS measurements demonstrate the beneficial influence of Sn-doping on the behavior 

of iron oxide (hematite and magnetite). Sn-doping enhances the activity of the iron oxide 

and reduces the current onset potential by 100 mV. The Sn-dopant helped to reduce surface 

recombination, however, surface recombination is still significant at potentials smaller than 

1.4 V vs RHE. Strategies to improve the behavior of the system such as the addition of an 

addicional catalyst may enhance the performance of the electrodes.  
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Summary and Outlook 

In this work, five different semiconductor oxide systems have been evaluated for 

photoelectrochemical water splitting. The charge carrier dynamics at the 

semiconductor/electrolyte interface were characterized with the help of intensity-modulated 

photocurrent spectroscopy (IMPS), which is a non-destructive method to analyze these 

processes.  The analyzed oxides are composed of earth-abundant elements and their 

properties make them promising materials to be used as photocathodes or photoanodes for 

solar water splitting. Different synthesis methodologies such as inkjet printing, screen 

printing, hydrothermal methods, spin coating and anodization were employed to prepare the 

variety of semiconducting oxide films and heterojunction photoelectrodes.  

CuBi2O4 is a p-type semiconductor that can absorb a significant part of the solar spectrum 

and a cathodic photocurrent is observed at V < 0.8 V vs RHE. However, IMPS analysis 

shows that surface recombination plays an important role, preventing an efficient charge 

transfer process. Additionally, it seems that the interaction between the FTO and the 

material results in losses that affect the transfer efficiency. For this oxide, it may be 

necessary to find a new substrate capable of creating a Schottky barrier, which could allow 

a better collection efficiency. Also, the electrodes prepared by inkjet printing are porous, 

implying that the FTO substrate is also in contact with the solution, which also could 

interfere. In the range of film thicknesses studied, the photocurrent increases with 

thickness, hence new strategies for the preparation of thicker films should be explored. 

Figure VI.1 summarizes the processes taking place at the electrode; although CuBi2O4 is 

capable of absorbing a significant portion of the solar spectrum, the presence of surface 

states has a large impact on the behavior of the system: in the entire reverse applied 

potential range, the surface recombination rate constant is large in comparison to the charge 

transfer rate constant. Also, at more negative potentials the reduction of Cu
2+

 in the 

CuBi2O4 lattice appears to result in a decrease of the relative transfer efficiency. 

Additionally, the light intensity affects the transfer rate constant but not the recombination 

rate constant: as a consequence, at 1 sun, the relative transfer efficiency is significantly 

smaller than at lower light intensity. 



 

 
105 

 

Figure VI. 1. Summary of processes taking place at inkjet printed CuBi2O4 photocathodes. The 

arrow thickness gives an indication of the respective rate constants – the thicker the arrow, the 

higher the rate constant. For CuBi2O4, the surface recombination rate constant is large in 

comparison to the charge transfer rate constant. Although surface recombination is the principal 

limitation for this photocathode, a loss of about 30% is associated to bulk recombination. 

In contrast with CuBi2O4, WO3 is an n-type semiconducting oxide material with a band gap 

of 2.6 eV for which surface recombination does not significantly affect the charge transfer 

process. However, both the charge separation and external quantum efficiencies are still 

below optimal, mainly due to bulk recombination, as illustrated in figure VI. 2. Strategies 

including the synthesis of thin nanostructured films with minimal trap density can be used 

to enhance the photoelectrochemical performance. At V<0.8 V(RHE), surface 

recombination affects the electrode, which is likely related to surface modifications at more 

negative voltages. For thicker films, bulk recombination increases significantly.   

 

Figure VI. 2. Charge transfer dynamics at screen printed WO3 photoanodes. IMPS analysis shows 

that surface recombination does not affect the transfer process of the electrode; however, bulk 
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recombination is the process that limits the efficiency of the electrode. Additionally, with increasing 

film thickness bulk recombination becomes more important.  

An interesting option is to modify the WO3 material, for example, by treatment with a Cu
2+

 

solution, and subsequent sintering at high temperature. At temperatures higher than 550 °C, 

phase-pure films of CuWO4 can be obtained, which is also an n-type semiconductor with a 

band gap of 2.3 eV, somewhat smaller than that of WO3. Photoelectrochemical 

measurements show that this material also has a low collection efficiency, however, this 

problem can be solved by using a WO3/CuWO4 heterojunction system. The band alignment 

of both oxides (figure VI.3a) illustrates the charge transfer processes; in this system, the 

CuWO4/WO3 heterojunction results in an improved charge separation efficiency, related to 

less recombination. In addition, CuWO4 is more stable than WO3 in neutral solutions, 

hence a surface film of CuWO4 on WO3 partially protects the electrode. On the other hand, 

although CuWO4 absorbs a larger range of solar spectrum, the main optical transition is 

indirect and thicker films are needed to harvest all the sunlight. In addition, surface 

recombination plays a more important role at lower voltages in comparison with WO3. At 

more positive voltages, CuWO4 presents higher bulk recombination and a lower collection 

efficiency than the WO3/CuWO4 composite as schematically shown in figure VI.3b. 

Figure VI. 3. Band diagrams of a) WO3/CuWO4, b) CuWO4 and c) CuWO4/BiVO4 photoelectrodes. 

An enhancement of charge separation efficiency is observed for both heterojunction systems in 

comparison to pure CuWO4 that also presents a limited collection efficiency. In the case of the 

CuWO4/BiVO4 heterojunction, surface recombination still affects the charge carrier dynamics. The 

arrow thickness is indicative of the rate constants of the respective processes. 
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As a consequence, it would be advantageous to modify the CuWO4 film with another 

material with better absorption, faster charge transfer and slower surface recombination 

kinetics. We deposited BiVO4 by spin coating on top of the CuWO4/WO3 material prepared 

at 550 °C, in order to form a BiVO4/CuWO4 heterojunction. BiVO4 is a direct 

semiconductor, in contrast to CuWO4, with a band gap of 2.4 eV. Hence, charge carriers are 

generated in the BiVO4, the holes are transferred to the solution, while CuWO4 acts as 

charge collector, and helps to decrease surface recombination on BiVO4 films. The band 

alignment of both oxides is observed in figure VI.3c. 

Another interesting possibility is to use a WO3/BiVO4 multilayer, heterojunction system, 

which can be prepared by a simple spin coating method that allows to easily modify the 

electrode design. In a sandwich-type structure, particles of both phases are interconnected 

to obtain a uniform layer of 300 nm. Measurements with a blue LED show that WO3 does 

not absorb at 455 nm in this system, which implies that IMPS measurements performed 

with this LED permit to selectively observe the charge transfer processes taking place in 

BiVO4, while observing the role of WO3 as electron collector. In contrast to the 

BiVO4/CuWO4 heterojunction, it is found that the external quantum efficiency is not only 

defined by BiVO4. Additionally, an enhancement of the charge separation efficiency has 

been observed. Figure VI.4 summarized the contribution of our research. A complete 

analysis of the electrolyte solution and the addition of a catalyst should be performed to 

further enhance the photoelectrochemical activity of the system. 

 

Figure VI. 4. Summary of the charge transfer processes taking place in the WO3/BiVO4 

heterojunction system. For this system, photogeneration is achieved in both phases, which 

influences the EQE. Surface recombination is an important process in the electrode dynamics.  
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The final system discussed in this work pertains to iron oxide in the hematite form, 

modified with tin. The doping with Sn
4+ results in a reduction of the overpotential, which 

indicates better charge collection efficiency in this potential range, however, the electrodes 

still present a high surface recombination rate. Hence, the already improved efficiency by 

modification with tin may be improved even more by adding a suitable electrocatalyst, 

which by increasing the charge transfer rate constant can result in less surface 

recombination. In comparison to undoped films, Sn
4+

 affects the charge separation 

efficiency and bulk recombination positively. At V > 1.3 V(RHE), the doped electrodes 

show a favorable balance between charge transfer and surface recombination. 

 

Figure VI. 5. Comparison of the charge carrier dynamics at the surface of a) -Fe2O3 and b) -

Fe2O3:Sn electrodes. For -Fe2O3 films, the surface recombination rate is faster than for the doped 

films. Also, Sn-doped films have a faster charge transfer rate in comparison to undoped films.   

In general, this thesis focuses on a detailed study of the balance between charge generation, 

charge separation, charge transfer to the solution, and both bulk and surface recombination. 

The balance of the respective rates defines the performance of semiconducting oxide 

photoelectrodes in the solar water splitting process. The main problems and possible 

actions to improve the electrode performance have been described for five different 

systems, illustrating that a better understanding of the fundamental processes is essential to 

be able to improve our ability to design efficient solar water splitting devices that could be 

scaled-up in the future, providing us with hydrogen as a clean solar fuel and solar energy 

storage system. 
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