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ABSTRACT 

The awareness concerning carbon dioxide emissions and the depletion of fossil fuel 

reserves motivate the development of innovative processes to take advantage from 

renewable energy sources. Photoelectrochemical (PEC) cells for hydrogen production 

using as raw materials water and solar energy are nowadays considered as a 

sustainable route to produce transportable and storable hydrogen, as chemical 

feedstock. Although this route to store solar energy in hydrogen form is very 

attractive, there are many challenges to overcome. One of the most critical challenges 

concerning water photo-cleavage is finding a stable semiconductor material with the 

conduction band edge positioned at a higher energy level than the water reduction 

potential. Few semiconductor metal oxides were identified to accomplish efficiently 

the water oxidation, exhibiting a valence band positioned at an energy level 

sufficiently lower and a suitable bandgap. For these metal oxides an external bias 

should be given in order to bring the electron Fermi potential to an energetic level 

higher than the hydrogen evolution potential. This is the case of hematite and 

tungsten trioxide, the semiconductors studied and characterized under biased 

systems in the present work. 

In the past few years, research on PEC cells technology is growing quite fast and 

remarkable developments on various aspects have been achieved, mainly concerning 

the development of new semiconductors for water photosplitting. The objective of 

this thesis is to contribute to the insightful study and characterization of PEC cells for 

hydrogen production, mainly electrochemical characterization and phenomenological 

modeling investigation since the identification of the main sources of inefficiencies, 

such as overvoltages and resistances, can highly contribute for the PEC cells 

understanding and optimization. To accomplish these goals, an automated test bench 

was designed and assembled. It was used for investigating the electrochemical 
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behaviour of PEC cells, namely for obtaining J-V characteristics and perform 

electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) studies.  
Under dark conditions relevant information about the major internal charge 

transfer resistances, as well as the main charge accumulation zones in the 

photoelectrode and in the semiconductor/electrolyte interface were gathered. An 

electrical analogue was used to fit the experimental EIS spectra allowing to 

quantitatively study the charge transport resistance and capacities of the 

semiconductor layer and its interface with electrolyte. 

An innovative PEC cell reactor was also designed and built for indoor and outdoor 

conditions for characterizing photoelectrodes up to 10 x 10 cm
2
. This new PEC device 

is very versatile since it is suitable for continuous feed operation with direct 

illumination but also to operate tilted. For continuous feed operation a hydrophobic 

porous membrane of Teflon was placed on the top of the cell allowing gas permeation 

but no liquid electrolyte leakage. A complete device characterization and optimization 

was performed in order to test its applicability under real outdoor conditions. A first 

PEC prototype was developed based on this device and presented on the industrial 

panel review of project NanoPEC. 

Finally, a dynamic phenomenological model was developed and the results critically 

compared to the experimental results obtained with hematite photoelectrodes. This 

model was also used for studying the electrochemical reaction rate at the counter-

electrode side. 
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SUMÁRIO 

A atenção dada atualmente às emissões de dióxido de carbono para a atmosfera e à 

depleção das reservas de combustíveis fósseis, tem motivado um investimento 

crescente no desenvolvimento de processos inovadores de produção de energia a 

partir de fontes renováveis. O uso de células fotoeletroquímicas para a produção de 

hidrogénio a partir de água e energia solar (células PEC – “PhotoElectrochemical 

Cells”) tem sido considerado um dos caminhos mais promissores para o 

desenvolvimento de uma solução sustentável para a transformação da energia solar 

num combustível químico – o hidrogénio - transportável e armazenável. 

Embora este caminho para o ‘armazenamento’ de energia solar na forma de 

hidrogénio pareça muito atrativo, há ainda muitos desafios a ultrapassar para a sua 

concretização de uma forma economicamente viável; de entre eles, um dos mais 

críticos é a identificação de um material semicondutor estável e eficiente para as 

células de fotoclivagem da água. Até ao momento foi identificado um conjunto 

reduzido de óxidos de metal semicondutores capazes de efetuar eficientemente a 

oxidação da água, por possuírem uma banda de valência que se encontra a um nível 

energético suficientemente baixo para permitir a oxidação da água e com um hiato 

energético adequado para maximizar a capacidade de absorção da radiação solar. No 

entanto, a sua banda de condução encontra-se a um nível energético abaixo do 

potencial de redução da água, pelo que é necessário fornecer ao sistema um 

potencial elétrico externo para elevar o potencial de Fermi dos eletrões acima do 

potencial de formação do hidrogénio. Dentro desse grupo de materiais encontram-se 

a hematite e o trióxido de tungsténio que são os semicondutores estudados e 

caracterizados no presente trabalho. 

Nos anos recentes o investimento em investigação em células PEC tem crescido de 

forma acentuada tendo sido alcançados avanços assinaláveis em vários domínios, 

nomeadamente no que diz respeito ao desenvolvimento de novos semicondutores. O 



  

 

objetivo desta tese é o de contribuir com o estudo esclarecedor e a caracterização 

detalhada de células PEC para a produção de hidrogénio, principalmente no que diz 

respeito à sua caracterização eletroquímica e à sua modelização fenomenológica, 

dado que a identificação das principais fontes de ineficiência, como sobrevoltagens e 

resistências, pode dar um contributo decisivo para a sua compreensão e otimização. 

Para atingir estes objetivos foi projetada e montada uma bancada de teste 

automatizada. Esta bancada foi utilizada para investigar o comportamento 

eletroquímico das células PEC, nomeadamente para a obtenção das curvas 

características I-V e para o desenvolvimento dos estudos de espetroscopia de 

impedância eletroquímica (EIS – “Electrochemical Impedance Spectroscopy”) e de 

voltametria cíclica (CV – “Cyclic Voltammetry”). 

Informações relevantes acerca das principais resistências internas à transferência 

de carga, assim como das mais importantes zonas de acumulação de carga no 

fotoelétrodo e na interface semicondutor/eletrólito, foram obtidas nos estudos em 

condições de escuro. Um análogo elétrico foi ajustado ao espectro de EIS obtido 

experimentalmente, permitindo o estudo quantitativo das resistências e capacitâncias 

associadas ao transporte de carga no semicondutor e na sua interface com o 

eletrólito. 

Foi também projetado e construído um reator PEC inovador para caracterização de 

fotoeletrodos até 10 x 10 cm
2
, adequado ao uso em condições de interior e exterior. 

Este equipamento é extremamente versátil dado que permite a operação com 

alimentação contínua de eletrólito e em posição vertical ou inclinada para otimizar a 

exposição à luz solar. Para o funcionamento com alimentação contínua foi colocada 

no topo da célula uma membrana hidrofóbica porosa de Teflon, que permite a 

permeação do gás mas impede a fuga de eletrólito. Foi efetuada uma caracterização 

completa deste equipamento, bem como a sua otimização, para testar a sua 

aplicabilidade em condições reais de exterior. Com base neste trabalho foi 

desenvolvido um protótipo inicial que foi apresentado ao painel de revisão do projeto 

NanoPEC. 
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Finalmente, foi desenvolvido um modelo dinâmico fenomenológico, sendo os seus 

resultados comparados de forma crítica com os resultados experimentais obtidos com 

os fotoelétrodos de hematite. Este modelo foi igualmente usado para o estudo da 

velocidade da reação eletroquímica no contra-elétrodo. 
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FIGURE CAPTIONS 

Figure 1.1 - Solar water splitting based on PEC cells, PV cells or combined 

arrangements systems. The red line represents the “holy grail” of the PEC 

system.   
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Figure 1.2 - No-biased single photo-system configurations for solar water 

splitting (SC - semiconductor; M - metal) - (adapted from [14]): a) n-type 

semiconductor photoanode and a metal counter-electrode; b) p-type 

semiconductor photocathode and a metal counter-electrode; and c) monolithic 

configuration. 
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Figure 1.3 - Different no-biased multiple photo-system configurations for solar 

water splitting (SC - semiconductor; M - metal) - (adapted from [14]): a) n- and 

p-type semiconductors wired; b) n- and p-type semiconductors linked by an 

ohmic contact; and c) hybrid systems. 
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Figure 1.4 - Energetic diagram of a PEC cell under dark (a) and illumination (b) 

conditions. 
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Figure 1.5 - Schematic illustration of a semiconductor with a hypothetically 

ideal bandgap of 1.9 eV. Right: Intensity of sunlight vs. wavelength for AM 1.5G 

conditions. The grey area represents the part of the spectrum that can be 

absorbed by a semiconductor with a bandgap of 1.9 eV. 
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Figure 1.6 - Energy band positions for various semiconductors at pH 14. [13] 10 

Figure 1.7 - Relative positions of decomposition Fermi Levels of a 

semiconductor with respect to its band edges: a) cathodically and anodically 

stable, b) cathodically and anodically unstable, c) cathodically stable but 

anodically unstable and d) anodically stable but cathodically unstable. Adapted 

from ref [77]. 
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Figure 1.8 - Positions of band edges and decomposition Fermi levels for 

different oxide and non-oxide semiconductors at pH 7. Adapted from [37] .   
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Figure 1.9 - Example of PEC cells for water splitting with different designs, in a 

3-electrode configuration. WE – working electrode, CE – counter electrode and 

REF – reference electrode. 
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Figure 1.10 - Sinusoidal voltage perturbation and resulting sinusoidal current 

response, phase-shifted by φ . V0 - amplitude of the voltage signal; I0 - 

amplitude of the current signal; Voc – open-circuit voltage; Ioc – open-circuit 

current.[90] 
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Figure 1.11 - Graphical representation of the AC impedance of a PEC cell in 3-

electrodes configuration: a) Nyquist diagram; b) impedance Bode diagram; c) 

phase Bode diagram. 
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Figure 1.12 - Current versus voltage curve showing pseudo-linearity. (Current-

voltage characteristic is a steady-state technique that determines the 

performance response of a photoelectrode in the dark and under different light 

conditions. The I-V characteristic applied for water splitting is usually 

performed in a three electrodes configuration (being the third one is the 

reference electrode, usually Ag/AgCl). 
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Figure 1.13  - Graphical representation of the AC impedance of a resistor (R = 5 

kΩ): (a) Nyquist diagram; (b) impedance Bode diagram; (c) phase Bode diagram. 
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Figure 1.14  - Schematic representation for an n-type semiconductor of: 

depletion layer zone and the electrical double layer (Helmholtz layer). 
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Figure 1.15  - Graphical representation of the AC impedance of a capacitor: a) 

Nyquist diagram; b) impedance Bode diagram; c) phase Bode diagram. ω is the 

radial frequency; C = 1 µF. 
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Figure 1.16  - Graphical representation of the AC impedance of a capacitor in 

series with a resistor: a) Nyquist diagram; b) impedance Bode diagram; c) phase 

Bode diagram. ω is the radial frequency; C = 1 µF and R = 5 kΩ. 
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Figure 1.17  - Circuit diagram and Nyquist plot representing the impedance 

behavior of an electrochemical reaction: a) Nyquist diagram; b) impedance 

Bode diagram; c) phase Bode diagram. ω is the radial frequency; ZR = 8 kΩ and 

ZC = 1 µF. 
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Figure 1.18  - Proposed electric models to describe PEC cells behavior: a) simple 

RC element used to calculate the flat band potential and the donor density 

from Mott-Schoktty equation, applicable at high-frequency; b) electric model 

taking into account trap states (interface states at low-potentials and near the 

flat band potential and deep donor levels far from the flat-band potential); c) 
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posterior tunneling to the redox system; d) typical response of hematite 

photoelectrodes prepared by APCVD.[34] 

34 
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Figure 2.2 - View of the test bench for the electrochemical characterization of 
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Figure 2.3 - Reflectance of the broadband reflector mirror with the enhanced 
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Figure 2.4  - Small PEC cell supported on the precision rail and carrier in a 3-

electrode configuration. In the inset figure a top-view is presented. 
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Figure 2.5 - Ideal behavior for an n-type semiconductor in the dark a) and under 

irradiation b).[11] 
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Figure 2.6 - Incident photon-to-current conversion efficiency (IPCE) installation 

scheme view for PEC cells characterization. 
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Figure 2.7 - Flow diagram for measurement and characterization of a material-

electrode system.[15] 
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INTRODUCTION 

The awareness concerning carbon dioxide emission and the depletion of fossil fuel 

reserves motivates the development of innovative processes to take advantage from 

renewable energy sources.
[1]

 The world power consumption is currently about 13 TW 

and it is expected to increase up to 23 TW by 2050.
[2]

 With approximately 120 PW of 

solar energy continuously striking the earth at any given moment, the challenge in 

converting sunlight into electricity via photovoltaic (PV) cells is to reduce the cost per 

watt of delivered solar electricity, which is already ca. 0.65 €/Wp for crystalline silicon 

modules. The solar PV technology has greatly evolved in the last decade and it is now 

a well-established way to convert solar energy into electric energy, which accounts 

presently more than 21 GW installed worldwide.
[3]

 Nevertheless, this technology only 

works in a daily basis and it largely depends on the amount of solar radiation 

available. Thus, an effective method to store energy for later dispatch is still 

needed.
[4]

 A practical way to convert sunlight into a storable energy form is using a 

photoelectrochemical (PEC) cell that splits water into hydrogen and oxygen by light-

induced electrochemical processes.
[5]

 Hydrogen production via photoelectrochemical 

water splitting is a thriving alternative that combines photovoltaic cells with an 

electrolysis system.
[6, 7]

 The major advantage is that solar harvesting, conversion and 

storage are combined in a single integrated system, reducing the overall costs.
[8, 9]

 The 

hydrogen generated by this process has the potential to be a sustainable carbon-

neutral fuel since it is produced from a renewable source and it can be stored or 

transformed into other chemicals such as methanol or methane.
[5, 10] 

 

The present chapter introduces and reviews the state-of-the-art PEC cells materials 

and technologies. The PEC cell operating mechanisms will be discussed in detail. 

Finally, the main goals to be accomplished in the present work are presented. 
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1.1 PHOTOELECTROCHEMICAL CELLS SYSTEMS OVERVIEW
1 

 
1.1.1 SOLAR WATER SPLITTING ARRANGEMENTS 

Converting sunlight into hydrogen and oxygen through water splitting can be 

accomplished via different technologies, as sketched in Figure 1.1. More specifically, 

via three general types of devices: i) composed devices - photovoltaic (PV) cells 

associated with an electrolyzer or photovoltaic cells associated with a PEC cell; ii) 

stand alone devices - semiconductor-liquid junction (SCLJ) photoelectrochemical 

cell
[11-14]

; and iii) by thermochemical cycles.
[15]

 The third technology will not be 

considered in this introduction chapter.   

 

Figure 1.1 - Solar water splitting based on PEC cells, PV cells or combined arrangements systems. The red 

line represents the “holy grail” of the PEC system.   

 

 

  

                                                           
1
 Adapted from: Lopes, T., Andrade, L. and Mendes, A., Photoelectrochemical Cells for Hydrogen 

Production from Solar Energy in Solar Energy Sciences and Engineering Applications, N.E.A. Akbarzadeh, 

Editor. 2013, CRC Press. 
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COMPOSED DEVICES 

Up to today, no semiconductor photoelectrode is able to efficiently perform alone 

water splitting and thus an extra bias must be supplied. The most developed 

technology is the PV device/electrolyzer arrangement where the photovoltaic cells 

are silicon based, achieving maximum efficiencies of 15 %, and efficiencies of 

electrolyzers is often around 75 %
2
. For instance, combining commercial 12 % 

efficiency PV modules with a water electrolysis unit operating with an energy 

conversion efficiency of approximately 65 % (output voltage of 1.9 V) results in a 

solar-to-hydrogen (STH) efficiency of about 7.8 %.
[16-18]

 Only combining optimized PV 

technologies it is possible to achieve higher solar-to-hydrogen conversion 

efficiencies.
[19, 20]

  

Even if biasing an electrolyzer with a separate set of solar cells is very attractive 

from an efficiency point of view, the fact of involving two separate devices 

complicates the system and increases the cost,
[9, 13]

 besides being more energy 

dissipative. Furthermore, in a system PV + electrolyzer is required at least four silicon 

PV cells connected in series to generate the required voltage for water splitting, which 

under unfavorable climatic conditions such as partial shading, haze or cloudiness may 

ultimately interrupt the photoelectrolysis. Similar problems are observed when a PV 

cell is used as external bias for a PEC cell to promote water splitting. In this case, the 

electric current generated by the PV cell goes directly to the PEC cell instead of 

feeding an electrolyzer, resulting in a cheaper but not necessarily more efficient 

embodiment. 
[11, 14]

 Still, two separated parts must be considered when estimating the 

initial and operating costs. Moreover, the available area for solar exposure must be 

substantially increased since both PV and PEC cells have to be illuminated.
[14, 20]

 In this 

sense, a more effective approach would be to “merge” the PV cell with an electrolyzer 

to make photoelectrochemical devices with a semiconductor-liquid junction. Thus, 

                                                           
2
 The efficiency of an electrolyzer is defined as ηZ = E∆ ° /V, where E° is the thermodynamic cell 

potential (1.23 V for water electrolysis) and V is the voltage applied to the cell under operating 

condition. 
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several efforts have been made to design a monolithic system to partially avoid the 

previously mentioned technological and economical drawbacks.
[14] 

SINGLE DEVICES 

Single water splitting devices (Figure 1.1) can be divided into biased and zero biased 

systems. Concerning biased systems, there are chemically biased photo-assisted 

photoelectrolysis cells and tandem devices.
[11, 14]

 In the first case, the bias is achieved 

using two different electrolytes (e.g. acid and basic electrolytes) placed in two 

separated half-cells. However, this configuration is not self-sufficient, relying not only 

on sunlight but also on additional input of chemicals to stabilize the electrolyte 

solutions.
[14]

 In the tandem approach, the cell is normally characterized by layered 

stacked or hybrid structures involving several different semiconductor films placed on 

top of each other. In this configuration, at least one of the substructures must work as 

a bias source. These internal biased photoelectrode tandem structures can be 

subdivided into: i) PV/PEC 
[21, 22]

; ii) PV/PV
[23]

 and; iii) PEC/PEC 
[24]

.  

The use of PV/PEC systems has an advantage over PV/PV systems because the PEC 

face (layer) can replace the face conductor grids that partially obscure the PV layer. 

Consequently, PEC panels are able to reduce some cost components and improve 

photon capture of PV layer.
[25]

 Recently it was proposed a new multiphoton 

combination of a PEC cell and two dye cells (tandem arrangement).
[26]

 Three different 

architectures were suggested. The authors found that the “trilevel” tandem 

architecture (hematite/squaraine dye/black dye) produces the highest operating 

current density. The expected highest solar-to-hydrogen efficiency was about 1.36 %. 

However, this value is far below the expected 3.3 % that should be possible with the 

nanostructured hematite photoanodes used.
[26]

 More recently Abdi and co-authors 

developed a tandem configuration, combining tungsten-doped bismuth vanadate 

photoanode with an earth-abundant cobalt phosphate water-oxidation catalyst and a 

double- or single-junction amorphous Si solar cell. This device produces stable short-

circuit water-splitting photocurrents of ~ 4 mA·cm
-2 

for the double junction solar cell 

and 3 mA·cm
-2

 for the single junction under 1 sun illumination. The 4 mA·cm
-2
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photocurrent corresponds to a solar-to-hydrogen efficiency of 4.9 %, which is the 

highest efficiency yet reported for a stand-alone water-splitting device based on a 

metal oxide photoanode.
[27]

 

Photoelectrochemical devices with no additional bias represent a prospective 

pathway to overcome the complexity of biased systems. No-bias 

photoelectrochemical devices comprise single and multiple photo-system 

arrangements. The possible arrangements of single photo-system are: 

i) n-type semiconductor photoanode and a metal counter-electrode (Figure 

1.2a)
[28]

; 

ii) p-type semiconductor photocathode and a metal counter-electrode (Figure 

1.2b)
[29]

; 

iii) monolithic - bipolar system and a layered metal counter-electrode (Figure 

1.2c). 

 

 
  a)   b)     c) 

Figure 1.2 - No-biased single photo-system configurations for solar water splitting (SC - semiconductor; 

M - metal) - (adapted from [14]): a) n-type semiconductor photoanode and a metal counter-electrode; b) 

p-type semiconductor photocathode and a metal counter-electrode; and c) monolithic configuration.  

 

In what concerns multiple photo-system arrangements, it can be identified the 
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i) n- and p-type semiconductors (acting as photoanodes and photocathodes, 

respectively)
[30]

, wired (Figure 1.3a) linked by an ohmic contact (Figure 1.3b); 

ii) hybrid systems with layered structures involving several different 

semiconductor films stacked on top of each other (Figure 1.3c). 

 

 
  a)   b)     c) 

Figure 1.3 - Different no-biased multiple photo-system configurations for solar water splitting (SC - 

semiconductor; M - metal) - (adapted from [14]): a) n- and p-type semiconductors wired; b) n- and p-

type semiconductors linked by an ohmic contact; and c) hybrid systems. 

 

All the presented routes to convert solar energy into hydrogen show advantages 

and disadvantages. Nevertheless, there is a consensus that the single photo-system is 

the “holy grail” of PEC technology in terms of simplicity, packaging and overall system 

costs.
[13]

 

1.1.2 WORKING PRINCIPLES OF PHOTOELECTROCHEMICAL CELLS FOR WATER 

SPLITTING 

The principle of converting sunlight into hydrogen by water photoelectrolysis using 

a single photon-system, taking as an example a n-type semiconductor in an alkaline 

media, is illustrated in Figure 1.4. 
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Figure 1.4 - Energetic diagram of a PEC cell under dark (a) and illumination (b) conditions. 

 
The single-photon PEC system for water-splitting is composed by a semiconductor 

photoelectrode that absorbs photons with sufficient energy to inject electrons from 

the valence to the conduction band, creating electron-hole pairs – Equation (1.1). 

− +→ +2 2e 2hhv                   Photon-induced electron-hole pair generation                (1.1) 

As sketched in Figure 1.4, the excited electrons percolate through the 

semiconductor layer reaching the counter-electrode, via the external circuit, to 

promote water reduction at its surface – Equation (1.2). While the holes oxidize water 

in the semiconductor surface – Equation (1.3).
[13, 31]

 The cycle is closed when the 

electrolyte anions generated at the counter-electrode diffuse back to the surface of 

the semiconductor to recombine with holes.  

Cathode: - -

2 22H O 2e H 2OH+ → +     E
2 2H O/H 0.828 V° = −                                                    (1.2) 

Anode: 
++ → +-

2 2
12OH 2h H O O

2
      E -

2O /OH
0.401 V

° =                                              (1.3) 

If an acid media is considered, instead of having hydroxyl anions traveling from the 

counter electrode to the surface of the semiconductor we have hydrogen ions, as 

described by the following equations: 

Electrolyte

CB

VB

H2O/H2

OH-/O2

MSC-n

1.23 eV
EF

E

W

∆VPh

Electrolyte

CB

VB

H2O/H2

OH-/O2

MSC-n

1.23 eV

EF,n

E

W

h+

e- e-

ηa

ηc

0 ba L



INTRODUCTION 
 

8 

Cathode: + + →-

22H 2e H             = 0.0 V+
2

°

H /H
E                                     (1.4) 

Anode: 
+ ++ → +2 2

1H O 2h 2H O
2

    =1.23V
2 2

°

H O/OE                              (1.5) 

In both cases, i.e. for an alkaline medium or for an acid medium, the overall PEC 

water splitting reaction takes the following form:  

+ → +2 2 2
1H O 2 H O

2
hv                                               (1.6) 

A similar phenomenon occurs when a p-type semiconductor is used. Nevertheless, 

for this case the dominant (or the majority) charge carrier is holes, which will travel 

through the external circuit towards the metal counter-electrode, working now as the 

anode, on the other hand, electrons travel to the surface of the semiconductor in 

contact with the electrolyte to reduce water.
[32]

 

The minimum potential of -1.23 V at 25 °C is needed to electrolyze water. The 

negative sign identify the process as not being spontaneous and so the reaction 

cannot occur without additional energy from an external electrical power source. This 

value is obtained from the following relation: 

o
o ΔG

ΔE =-
zF

                      (1.7) 

o
Δ G is the standard Gibbs free energy change (+237 kJ·mol

-1
), representing a 

thermodynamic minimum for splitting water into the gaseous hydrogen and oxygen 

at 25 ˚C and 1 bar; ∆ E o is the electric standard potential of the reaction. 

For a direct photoelectrochemical water-split using a single-photon system, several 

key criteria must be simultaneously fulfilled:  

i) The semiconductor system must generate sufficient voltage upon irradiation to 

split water; 

ii) The bulk bandgap must make efficient use of the solar spectrum; 
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iii) The band-edge potentials at the surface must straddle the hydrogen and 

oxygen redox potentials according to the half-reactions described in Equations 

(1.1 – 1.7); 

iv) Low overpotentials; 

v) The system must exhibit long-term stability in aqueous electrolytes; 

vi) The charge transfer from the surface of the semiconductor to the solution must 

be selective for water splitting and exhibit low kinetic overpotentials; 
[33]

 

vii)  The material must be sufficiently abundant, harmless and cost-effective 

Since overpotentials are required at various points in the system to ensure 

sufficiently fast reaction kinetics, i.e. related to the electrochemical reaction kinetics 

at anode and cathode and charge transfer (inside the electrodes and in the 

electrolyte), the minimum bandgap required to split water is at least 1.9 eV. This 

value also imposes that the semiconductor is able to absorb light for wavelengths 

lower than 650 nm, as shown in Figure 1.5.
[13]

 

Despite the research efforts to date no single semiconducting material has been 

found that fulfill all the requirements needed to generate stand alone devices for 

solar hydrogen production from water splitting.
[13, 34]

   

 

Figure 1.5 - Schematic illustration of a semiconductor with a hypothetically ideal bandgap of 1.9 eV. 

Right: Intensity of sunlight vs. wavelength for AM 1.5G conditions. The grey area represents the part of 

the spectrum that can be absorbed by a semiconductor with a bandgap of 1.9 eV.  
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1.1.3. MATERIALS OVERVIEW 

The keystone in water photoelectrolysis is the development of an efficient, robust, 

reliable, cost-effective, and stable photoelectrode system.
[35] The first material 

recognized to split water under UV light was TiO2, reported by Fujishima and Honda in 

1971.
[36]

 Thenceforward, extensive efforts have been made to find a suitable material 

for efficient photoelectrodes. Thus, during the last three decades, different types of 

semiconductors were studied such as metal oxide (e.g. Fe2O3, SrTiO3, TiO2, WO3, 

BiVO4, Cu2O, etc.) and non metal oxide semiconductors (e.g. GaAs, CdS, InP, etc.).
[35]

 

The photocorrosion stability of photoanode or photocathode, its wavelength 

response (bandgap) and current-voltage characteristic are important factors that 

determine the semiconductor performance in water splitting – Figure 1.6.  

 

 

Figure 1.6 - Energy band positions for various semiconductors at pH 14. [13] 

 

METAL OXIDE SEMICONDUCTOR 

Concerning the metal-oxide semiconductors, only few are able to fulfill the bandgap 

and band edge requirements for operating at zero bias voltage; SrTiO3, KTaO3 and 

ZrO2 are among them but only SrTiO3 has been in fact studied.
[37]

 SrTiO3 generates 

hydrogen without any additional bias even if with a barely small efficiency, less than 1 

%, which was ascribed to its large bandgap energy (3.4 - 3.5 eV).
[38]
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Preparing a semiconductor oxide that meets all criteria needed to achieve efficient 

water splitting is a great challenge and the most frequently studied photoelectrode 

materials are TiO2, WO3, Fe2O3, BiVO4 SnO2 and Cu2O and their modifications.  

The well known titanium dioxide (TiO2), with different crystalline structures 

(anatase mostly but also rutile) and arrangements as single crystal, polycrystalline or 

thin films, have been largely investigated 
[39-43]

 mainly due to its excellent stability 

over a wide range of pH and applied potentials, low cost and abundance.
[39]

 As a 

major drawback, TiO2 only absorbs in the UV light spectrum due to its large bandgap 

of approximately 3.2 eV. Several attempts have been made to extend TiO2 spectral 

response into the visible light doping it with aliovalent ions, such as W, Ta, Nb, Zn, In, 

Li and Ge
[44]

, Pb
[45]

, Mo and Cr
[46]

, Cr
[47]

, C
[48]

 and N
[49, 50]

. Wilke and co-workers showed 

the important effect of doping TiO2 with Mo and Cr ions on the decrease of TiO2 

bandgap.
[46]

 An impressive reduction on the bandgap of TiO2 photoanodes was 

achieved also by Khan et al. (2002) with carbon incorporation into the TiO2-x lattice 

during heating in a natural gas flame.
[48]

 Nevertheless, the studies concerning the 

doping effect of TiO2 semiconducting material do not provide clear conclusions, since 

the dopant that may have a positive effect on the bandgap (Eg) reduction, and 

thereby increasing the light absorption, has a negative effect in the energy conversion 

efficiency (ECE). Moreover, the reduction of Eg should be followed by changing other 

relevant functional properties. Finally, the procedures used to incorporate the 

dopants are often arbitrarily selected. Thus, without a solid knowledge of the time 

and the temperature required to incorporate the dopants, it is truly difficult to 

replicate the TiO2 material and to obtain a homogeneous distribution in the 

semiconductor.
[47]

  

 The same holds for tin dioxide (SnO2) semiconductor; it has also a large bandgap in 

the range of 3.1–3.3 eV that makes this material able to absorb only the UV solar 

spectrum.
[35]

 Nevertheless, an n-type single crystal of SnO2 doped with Sb was 

investigated by Wrighton and co-workers for H2 and O2 production with an applied 

bias of 0.5 V under UV light illumination.
[51]

 Though, comparing TiO2 with SnO2, the 

latter requires a slightly higher potential to achieve the photocurrent onset.
[35]
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Tungsten trioxide (WO3) is an interesting semiconductor since it has an attractive 

bandgap of 2.5-2.7 eV.
[43, 52, 53]

 Theoretically, a bandgap of 2.7 eV allows to use 12 % of 

the AM 1.0 solar spectrum, a very high value compared to the barely 4 % achieved 

with TiO2.
[35, 53]

 Although this material had been widely studied by Deb in 1972, it was 

Hodes in 1976 that first recognized it as an active visible-light driven photoanode for 

water splitting.
[54]

 This material shows good stability in water for pH < 4 and a 

favorable energy band edge for oxygen evolution.
[53]

 Nevertheless, the minority 

carrier (hole) diffusion length plays a limiting role in the photoresponse of tungsten 

trioxide photoanodes due to the indirect bandgap transition.
[55]

 Usually, WO3 

photoanode is used as thin films and can be found either in the crystalline or in the 

amorphous forms. To obtain efficient WO3 photoanodes, a highly crystallinity 

structure is desirable since it minimizes the imperfections and the surface 

contaminations which may lead to a charge trapping and carrier recombination.
[56]

 

Recently, it has been described a nanostructured WO3 photoanode capable to 

produce a photocurrent of about 3 mA cm
-2

 in 3 M CH3HSO3 (AM 1.5 G).
[55]

   

Alternatively, small bandgap materials can be considered as starting point in the 

research of single-photon systems, such as Fe2O3 or BiVO4.
[13, 28, 57-60]

 Particular 

attention has been given to hematite (α-Fe2O3) and it has actually been considered a 

material with great potential for PEC applications. Hematite is one of the most 

abundant and inexpensive oxide semiconductors with an interesting bandgap of 1.9-

2.3 eV, is a non-toxic material and is stable in water.
[61]

 As a drawback, pure-phase ɑ-

Fe2O3 has intrinsically poor charge carrier transportation, which limits its quantum 

efficiency. Moreover, it has a poor oxygen evolution reaction (OER) kinetics and the 

band edges are not well positioned to directly carry out the reduction of water. 

Intensive research efforts have been conducted to improve hematite’s intrinsic 

electronic properties by varying the deposition method or by doping the 

photoelectrode with Si, Ti, Pt, Mo and Cr, among other atoms.
[28, 61-64] 

In an ideal 

hematite photoanode, the onset is just anodic of the flat band potential with a 

photocurrent plateau of 12.6 mA·cm
-2

.
[65]

 However, until the moment, no research 

group has been successful in splitting water by means of an α-Fe2O3 photoanode 
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without assistance of an external bias voltage.
[13] Recently, a record-breaking 

performance of 4.32 mA·cm
-2

 was published for hematite photoanode applied in a 

PEC system for water splitting.
[66] 

 

Another interesting material is BiVO4 semiconductor with a bandgap of 2.4 – 2.5 eV 

and a reasonable band edge alignment with respect to water redox potentials; in fact 

it has the ability to carry out the water photosplitting reaction.
[67]

 Moreover, it has 

been reported that BiVO4 is able to show both semiconducting properties, n- and p-

types,
[68]

 as well as a high photon-to-current conversion efficiencies (> 40 %) at 420 

nm.
[37, 44]

 More recently, a tungsten-gradient-doped bismuth vanadate (W:BiVO4) 

photoanode was synthesized and optimized, capable of producing in a tandem 

configuration ca. 4 mA·cm
-2

.
[69]

  

Over the past few years several efforts have been made in order to find an efficient 

harvesting semiconductor under visible light. Cuprous oxide (Cu2O), which works as a 

photocathode, has an interesting bandgap of 2.0-2.1 eV.
[70]

 Theoretical calculations 

indicate that Cu2O can produce up to 14.7 mA·cm
-2

, corresponding to a light-to-

hydrogen conversion efficiency of 18 % based on the AM 1.5G spectrum.
[71]

 For solar 

water splitting purposes, Cu2O has a favorable energy band positions; the conduction 

band is located 0.7 V negative of the hydrogen evolution potential and the valence 

band lying just positive of the oxygen evolution potential.
[71]

 Since no overpotential is 

available for oxygen evolution, the reduction band edge is close to the water 

reduction potential, the p-type Cu2O can drive half of the water splitting reaction but 

an external bias must be applied to conduct the other half reaction (water 

oxidation).
[71]

 However, the limiting factor of this material is the poor stability in 

aqueous solutions, since the redox potentials for the reduction and oxidation of 

monovalent copper oxide lie within the bandgap.
[70, 71]

 The corrosion sensitivity issue 

of cuprous oxide under illumination can be addressed depositing very thin protective 

layers by e.g. atomic layer deposition (ALD).
[72]

 In fact, using this methodology Grätzel 

and co-workers have designed, up to now, the best performing oxide photoelectrode,  

producing 7.6 mA·cm
-2

 at 0 VRHE. It is a Cu2O electrode protected with nanolayers of 

Al-doped zinc oxide and titanium dioxide activated for hydrogen evolution with 
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electrodeposited platinum nanoparticles, i.e. Cu2O was coated with layers of n-type 

oxides with structure 5 × (4 nm ZnO/0:17 nm Al2O3)/11 nm TiO2.
[71]

 

NON-OXIDE SEMICONDUCTOR 

Non-oxide semiconductors (p-type and/or n-type photoelectrodes) are known to 

efficiently harvest sunlight, converting it into electricity: amorphous, polycrystalline 

and crystalline silicon (a-Si, p-Si and c-Si), gallium arsenide (GaAs), cadmium telluride 

(CdTe), gallium phosphide (GaP), indium phosphide (InP), copper indium diselenide 

(CIS), cupper indium gallium diselenide (CIGS) and gallium indium phosphide (GaInP2). 

[73]
  As mentioned, most of the oxide semiconductors studied for water splitting show 

bandgap and stability issues, thus, particularly attention has been given to non-oxide 

materials since they have smaller bandgaps enabling the capture of a larger portion of 

the solar spectrum energy.  

Cadmium sulfide (CdS) has well positioned band edges to efficiently reduce and 

oxidize water with an optical absorption of 520 nm (corresponding to a bandgap of 

2.4 eV). However, it suffers from anodic photodecomposition by the photogenerated 

holes.
 [73]

 Similar problems of photocorrosion can be found with other n-type non-

oxides semiconductors as the ones presented in Table 1.1. 

 

Table 1.1 - Non-oxide n-type semiconducting materials with small bandgap.
 [
73] 

Semiconductor Bandgap 

CdSe 1.7 eV 

CdTe 1.4 eV 

GaP 2.24 eV 

GaAs 1.35 eV 

InP 1.35 eV 

MoS2 1.75 eV 

MoSe2 1.5 eV 

 
Considering now p-type non-oxide materials, they usually show stable behavior 

against cathodic photodecomposition since the photoelectrons in excess migrate 

towards the semiconductor/electrolyte interface such as the p-Si and p-GaP.
[73] 
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However, the flat band position of these materials is unfavorable for the H2O/O2 

redox and a large bias voltage must be applied. 
[32]

 

One approach to overcome stability issues is covering the unstable photoelectrodes 

with thin films of stable wide bandgap semiconductors with suitable band edges or 

with thin metal films (e.g. by chemical vapor deposition (CVD), sputtering or atomic 

layer deposition).
[32]

 Although, single-photon systems seem to be the preferable route 

to produce hydrogen from solar energy, either with oxide or non-oxide materials, 

significant improvements should be accomplished on electronic structure and stability 

in order to be used alone in PEC systems – Figure 1.2a) and b).  

Clearly, there are three routes that may result in a high efficient system for water 

splitting and without need of an additional bias. These are illustrated in Figure 1.2c) 

and in Figure 1.3a) and c). All strategies share the feature of having two 

semiconductors with different bandgaps. This provides a mechanism by which a single 

electron is photoexcited twice and, correspondingly, generates a larger bias from 

light. It has been calculated that this type of system could realistically achieve a solar-

to-hydrogen conversion efficiency of 21.6 %.
[74]

  

The most compelling approach is however illustrated in Figure 1.2c) and Figure 

1.3a). Here, various combinations of n-type and p-type semiconductors, oxide and 

non-oxide, such as n-TiO2/p-GaP, n-SrTiO3/p-GaP, n-Fe2O3/p -Fe2O3 have been used to 

eliminate the bias needed for water splitting - Table 1.2. Because of the low 

performance of the individual electrodes in these dual-photoelectrode devices, the 

resulting overall efficiency is as well low.  

 
Table 1.2 - Examples of n-p photoelectrochemical cells for water splitting (Figure 1.3a). 

n-SC/p-SC Electrolyte 
Energy conversion  

Efficiency, η 
Reference 

n-TiO2/p-GaP 0.2 M H2SO4 0.25 % [30] 

n-SrTiO3/p-GaP 1 M NaOH 0.67 % [75] 

n-Fe2O3/p-Fe2O3 0.1 M H2SO4 0.10 % [76] 
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1.1.4. STABILITY ISSUES – PHOTOCORROSION 

In photoelectrochemical cells, stability issues are one of the major problems to be 

solved.
 [13]

 Usually, when a semiconductor electrode is placed in contact with an 

electrolyte solution some reactions may occur, for instance ionic oxidation or 

reduction of the semiconductor with simultaneous reduction or oxidation of a 

component.
 [77]

 The electrolytic reduction of a semiconductor is often associated with 

the electrons in the valence band, while the electrolytic oxidation reaction is related 

to holes in the conduction band as electronic reactants.
 [77]

 Following the Gerischer´s 

derivations, it is possible to formulate the simplest type of decomposition reaction 

involving a binary semiconductor MX and the solvation (complexing) of the elements 

(labeled hereafter as “solv”) as stated next:
[37]

  

−−+ + → + solvMX e solv M Xzz                       (1.8) 

for a cathodic reaction, and  

+++ + → +solvMX h solv M Xzz                          (1.9) 

for an anodic reaction. Using H
+
/H2 standard potentials as reference, the 

corresponding reaction for hydrogen may be written as:  

+ −+ → +2 solv

1
H solv H e

2
z z z                       (1.10) 

The addition of Equation (1.10) to Equation (1.8) or to Equation (1.9) yields the 

corresponding equations for the free energy values, nΔGsH and pΔGsH, respectively. The 

decomposition potentials equations are: 

zE Gp d p sH/= ∆                                                    (1.11) 

for the oxidation, and  

zE Gn d n sH/= − ∆                                    (1.12) 
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for the reduction of the semiconductor.
[37]

  

The energy positions of the electron-induced potential nEd and the hole-induced 

corrosion value pEd can be plotted with respect to the band edges Ec and Ev, as shown 

in Figure 1.7. In fact, the criterion for thermodynamic stability of the semiconductor 

is: 

pEd > Eredox > nEd                                   (1.13)  

 

Figure 1.7 - Relative positions of decomposition Fermi Levels of a semiconductor with respect to its band 

edges: a) cathodically and anodically stable, b) cathodically and anodically unstable, c) cathodically stable 

but anodically unstable and d) anodically stable but cathodically unstable. Adapted from ref [77]. 

 

Figure 1.8 shows some decomposition potentials for various semiconductors used 

to carry out the water splitting reaction under solar radiation. However, these 

diagrams show some practical limitations since, besides the thermodynamic stability, 

the reaction kinetics may also play an important role in the stability definition of a 

given semiconductor material. Actually, none of the semiconductors presented in 

Figure 1.8 have their Fermi levels edges positioned as shown in Figure 1.7a), meaning 

that they are cathodically and/or anodically unstable. However, some of these 

semiconductors show cathodic and/or anodic stability because the reaction kinetics 

can help preventing crystal decompositions where the charge transfer of 

photogenerated carriers in the interface is faster compared to the crystal 

decomposition.
 [77]
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Figure 1.8 - Positions of band edges and decomposition Fermi levels for different oxide and non-oxide 

semiconductors at pH 7. Adapted from [37].   

 

The stability of a semiconductor in contact with an electrolyte solution strongly 

depends on the competition between anodic dissolution and redox reaction, which 

are controlled by thermodynamic and kinetic parameters, respectively.
 [37]

  Thus, even 

if the semiconductor oxides are not thermodynamically stable, following the 

Gerischer´s approach, their stabilities can only be achieved in the presence of a 

suitable redox system for kinetic reasons.
[78]

 For instance, even if the metal oxides are 

thermodynamically stable, based on the nEd and pEd positions, towards cathodic 

photocorrosion, most of them are unstable towards anodic photocorrosion. 

Nevertheless, there are some n-type semiconductors, such as ɑ-Fe2O3 and TiO2, which 

are sufficiently stable in aqueous electrolytes because their decomposition is 

controlled by very slow corrosion reaction kinetics.
[79]

 As suggested by Krol, if the 

material has a tendency for photodecomposition, this may be prevented by adding a 

suitable co-catalyst to favor the water oxidation route. 
[79]
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1.1.5. PEC REACTORS 

A photoelectrochemical cell combines the harvesting of solar energy and the 

electrolysis of water process in a single device. Thus, when a semiconductor with the 

ideal set of properties is immersed in an aqueous electrolyte and illuminated, the 

corresponding photon energy is directly used to split water into hydrogen and oxygen 

(i.e. in a chemical energy). The basic setup for water splitting comprises two 

electrodes immersed in an aqueous electrolyte solution, where one or both 

electrodes are photoactive. The electrolyte container must be transparent, or have at 

least a transparent window for allowing light to strike the photoelectrode; then, 

water splitting occurs when the energetic requirements are met.
[14]

 In a laboratory 

setup, to measure the PEC cell efficiency, is normally used a 3-electrode 

configuration, being the third electrode a reference one. However, to simulate a real 

PEC cell application the 2-electrode configuration is preferable. The more common 

PEC cell design is the conventional electrochemical cell used for corrosion studies, 

with an optically transparent window, as reported by Chen et al. in 2010.
[33]

 The 

optically transparent window is very important for PEC cells work properly, for 

instance, a normal soda lime glass cut-off the transmission for wavelengths lower 

than 350 nm, while a quartz window have normally a transmittance higher than 90 % 

from 250 nm. Nevertheless, a cheaper material can be used with similar performance; 

fused silica (amorphous silica) allows transmission values higher than 90 % and shows 

an excellent stability in both acid and alkaline aqueous solutions (except for fluoridric 

acid).
[79]

 Normally, the research laboratories in water photosplitting usually 

manufacture their own PEC cells, e.g. simple cubic or cylindrical open vessels, closed 

vessels equipped with an ion exchange membrane separating hydrogen from oxygen 

evolutions, H-type PEC cells, sandwich assembly, among other more complex cells, 

such as the ones that allow tandem configurations (PV + PEC system in a single 

embodiment) - Figure 1.9.
[14]

 Presently there are some PEC cells available 

commercially, e.g. Pine Research Instruments Company
[80]

; however, these cells are 

normally limited in what concerns innovative configurations and characterization 

methods.
[81]

 The best option is still the PEC cells in-house designed and built. 
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Figure 1.9 - Example of PEC cells for water splitting with different designs, in a 3-electrode configuration. 

WE – working electrode, CE – counter electrode and REF – reference electrode.  

 

THE ELECTROLYTE  

The electrolyte chemistry is a key factor that can dramatically influence the 

photoresponse of a PEC cell.
[31]

 In electrochemical cells the electrolyte consists of a 

solvent with active species to be reduced or oxidized, depending if it is an alkaline or 

an acid media. Nevertheless, pure water is not conductive and thus supporting ions 

must be added to ensure the desired charge transfer.
[13]

 Photoactive semiconductor 

immersed in a redox electrolyte is greatly affected by the solution properties, redox 

level and stability, interfacial kinetics (adsorption), viscosity, conductivity, ionic 

activity and transparency within the crucial wavelength region.
[31]

 As mentioned, the 

choice of a suitable electrolyte solution is very important, mainly in what concerns the 

redox couple selection. It should improve the charge-transfer kinetics, the 
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photoelectrode stability, as well as, should help preventing undesirable phenomena 

as surface recombination and trapping.
[31]

 Also, the electrolyte concentration should 

be sufficiently high to avoid large ohmic voltage losses. As reported by Roel and co-

authors, the voltage drop is given by V =  I R
lo ss E

× , where I is the total current flowing 

between the working electrode and the counter-electrode, and RE is the electrolyte 

resistance.
[81]

 The electrolyte conductivity strongly depends on the type of ions and 

the corresponding concentration value. Important to hold back, that there is not a 

linear relation between conductivity and ions concentration due to incomplete 

dissociation of anions and cations and/or ion-solvent interactions. Moreover, 

deviations from linearity can occur for concentrations above 1 mmol·L
-1

; at high 

concentrations, i.e. > 1 M, the formation of ion-pairs can result in a decrease of the 

conductivity with the concentration increase. This behavior explains why the 

conductivity starts to decrease for concentration higher than ~6 M of KOH aqueous 

solutions. To avoid large ohmic losses it is then important to guarantee 

concentrations of at least 0.5 M.
[81]

 Usually, acid electrolytes such as aqueous H2SO4 

or HCl solution (0.5 - 1 M) are often used with WO3 and TiO2 photoelectrodes.
[81]

 

Aqueous NaCl solutions are also used with WO3 photoanodes, simulating sea water 

conditions.
[82]

 For electrodes as α-Fe2O3, where alkaline or neutral electrolytes 

solutions are preferable, concentrations of 0.5 - 1 M NaOH or KOH should be used. 

Metal oxide semiconductors that are only stable in fairly neutral environments such 

as BiVO4, 0.5 M Na2SO4 or K2SO4 solutions should be used and the electrolyte should 

be buffered (KH2PO4/K2HPO4) to prevent local pH fluctuations.
[81]

 

In photoelectrochemical cells usually bubbles get stacked in the electrode surface 

what can generate excessive noise on the photocurrent signal and thus it is necessary 

to remove them. This can be done at lab level flashing using a nitrogen or argon 

stream or simply by using a magnetic stir bar for stirring the electrolyte. Moreover, by 

using these procedures, the back-reaction of dissolved hydrogen and oxygen again to 

water can also be prevented ensuring that the redox potentials do not change over 

the time. 
[81]

 

 



INTRODUCTION 
 

22 

THE COUNTER-ELECTRODE 

As stated before, the preferable configuration is the single-photon system, in which 

the photoactive semiconductor works as working-electrode and a metallic material as 

counter-electrode. The reaction at the counter-electrode should be as fast as possible 

and should have a high catalytic activity in order to prevent performance 

limitations.
[81]

 Usually, platinum is used as counter-electrode; this material presents a 

good stability over a wide range of electrolytes and pH, as well as it shows low 

overpotentials for hydrogen evolution (~ 0.1 V). To avoid inhomogeneous current 

densities at the working electrode, the counter-electrode should face it 

symmetrically; this is critical for electrolytes concentration lower than 0.5 M.
[81]

 

Moreover, the counter-electrode area should be twice larger than the photoelectrode 

area. In PEC systems, a compromise must be maintained between the working 

electrode, the counter electrode and the electrolyte solution in order to ensure low 

overpotentials, fast charge transport and efficient light absorption. 

THE REFERENCE-ELECTRODE 

In single photon-system PEC cells, the applied potential is an important parameter 

when studying the properties of the photoelectrode (photoanode or photocathode). 

The 3-electrode configuration allows to measure the applied potential with respect to 

a fixed reference electrode, allowing to turn visible the independent response of the 

working electrode to any change in the applied potential. The same cannot be hold 

for the metal counter-electrode since its overpotential at the interface with the 

electrolyte is usually unknown and varies with the amount of current flowing through 

the cell according to the Butler Volmer relation. Table 1.3 shows an overview 

considering the reference electrodes most used in PEC research applications.  

As exemplified in Table 1.3 there are several choices for the reference electrode. 

However, the most commonly used reference electrode is the silver/silver chloride. In 

water splitting studies the applied potential is reported against RHE, thus the 

potential measured with the Ag/AgCl electrode must be converted into RHE scale 

using the following expression:  
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+ ×0

RHE Ag / AgCl Ag / AgCl vs. SHE 0.059 pH  E =E +E                                 (1.14)                                

where the 0
  EAg / AgCl vs. SHE

 is the potential of the Ag/AgCl reference electrode with respect 

to the SHE, see Table 1.3.
[83]

 

 

Table 1.3 - Common reference electrodes for PEC research overview.[83] 

Reference Electrode Filling Solution Potential (vs. SHE) 

Reversible Hydrogen 

Electrode (RHE) 

The electrode is in the actual 

electrolyte solution and not separated 

by a salt bridge 

E0=0.0+0.059*pH 

Standard Hydrogen 

Electrode (SHE) 

(= normal hydrogen) 

Acid solution with activity equal to 1 

[H
+
] = 1.18 M E0 

Calomel (Hg/Hg2Cl2) 

0.1 M KCl 

1 M KCl (NCE) 

3.5 M KCl 

Saturated KCl (SCE) 

Saturated NaCl (SSCE) 

0.334 

0.281 

0.250 

0.242 

0.236 

Silver/Silver chloride 

(Ag/AgCl) 

0.1 M KCl 

1 M KCl 

3 M KCl 

3.5 M KCl 

Saturated KCl  

3 M NaCl 

Saturated NaCl  

SeaWater 

0.288 

0.237 

0.210 

0.205 

0.198 

0.209 

0.197 

0.250 

 
There are experimentally reasons for the choice of a reference electrode; one 

important selection parameter is its stability on the electrolyte solution where it is 

immersed as well as the operating temperature.
[83]

 All the reference electrodes are 

very sensitive and so it is crucial their good maintenance; the lifetime of a reference 

electrode is 2-3 years with a daily basis usage. The feasibility of a reference electrode 

can be checked using three identical reference electrodes and by observing potential 
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differences at every two weeks and confirming if the deviation between any two 

individual electrodes is less than ± 3 mV.
[81]

   

1.2 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 

Several photoelectrochemical techniques have been used to characterize 

photoelectrodes with the goal of understanding its performance and limitations. This 

kind of measurements is usually performed under steady-state and includes the 

simulated sunlight measurements, as photocurrent-voltage, wavelength-dependent 

measurements, photocurrent action spectra and quantum efficiencies. Nevertheless, 

more detailed properties cannot be extracted from steady-state measurements and 

so dynamic techniques should be considered to identify performance-limiting steps or 

to determine certain materials properties. These techniques allow the interpretation 

of the charge transfer kinetics, mainly characterized by diffusion coefficients and 

lifetime of the different charge carriers. One of the most powerful characterization 

techniques of photoelectrochemical cells involving transient probing is 

Electrochemical Impedance Spectroscopy (EIS). 

EIS is a dynamic technique that has many advantages, not only because it is user-

friendly, but also due to its sensitivity and ability to separate different complex 

processes, as those occurring in a photoelectrochemical system 
[84, 85]

 The foundations 

of EIS began in the 19
th

 century with the controversial but extraordinary work of 

Oliver Heaviside 
[86]

 where he defined the terms “impedance”, “reactance” and 

“admittance”. At the end of the 19
th

 century, Warburg derived the impedance 

function for a difusional process in a remarkable work where he extended the 

concept of impedance to electrochemical systems.
[87]

 In the early 20
th

 century, EIS 

experiments were performed mainly for capacitance measurements of ideally 

polarizable electrodes, e.g. mercury, using reactive bridges at relatively high 

frequencies. Even though these studies yielded important information about the 

double layer behavior, complete impedance studies including the low frequency 

range were only possible at the 1940s with the invention of electronic potentiostats. 

Three decades later, the frequency response analyzer (FRA) was developed, allowing 
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to probe electrochemical interfaces at sub-millihertz range.
[88]

 Since then, EIS has 

been widely used in electrochemistry, photoelectrochemistry and corrosion studies. 

However, this method is viable only for a stable and reversible system in equilibrium, 

as the system’s linearity, stability and causality must be ensured.
[87]

 

1.2.1. FUNDAMENTALS 

EIS is a technique widely used for characterizing the electrical behavior of systems 

in which the overall performance is determined by a number of strongly coupled 

processes, each proceeding at a different rate. The most common and standard 

procedure in impedance measurements consists of applying a small voltage sinusoidal 

perturbation and monitoring the resulting current response of the system at the 

corresponding frequency. An EIS measurement can be performed under any bias 

illumination and at any working condition of the solar cell. Nevertheless, the single-

frequency voltage perturbation is usually done at open-circuit conditions with a 

modulation signal of magnitude V0: 

0= +
OC

V t V V t( ) cos( )ω                                       (1.15) 

The response in current has the same period as the voltage perturbation but will be 

phase-shifted byφ : 

0
= −+OCI t I I t( ) cos( )ω φ                      (1.16)

V0 and 
0

I  are the amplitudes of the voltage and current signals, respectively, and 

( )fω π=2  is the radial frequency in radians per second; the open-circuit current IOC is 

zero – Figure 1.10.  

Similar to resistance, impedance is a measure of the ability of a system to impede 

the flow of electrical current. Thus, impedance is the ratio of a time-dependent 

voltage and a time-dependent current as defined by Equations (1.15) and (1.16): 

0
0

0

= =
− −

V t t
Z Z

I t t

cos( ) cos( )

cos( ) cos( )

ω ω
ω φ ω φ

                                    (1.17) 
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The impedance is therefore expressed in terms of a magnitude, Z0, and a phase 

shift, φ . Applying complex notation, the impedance response of a system can be 

described in terms of real and imaginary components, as follows:
[89]

 

( )0 0= = +
−

j t
Z Z Z j

j t j

exp( )
cos sin

exp( )

ω
φ φ

ω φ
                   (1.18) 

 
Figure 1.10 - Sinusoidal voltage perturbation and resulting sinusoidal current response, phase-shifted by 

φ . V0 - amplitude of the voltage signal; I0 - amplitude of the current signal; Voc – open-circuit voltage; Ioc 

– open-circuit current.
[90]

 

 

Knowing the values of 0=
alRe

Z Z cosφ , 0=agImZ Z sinφ  and the phase angleφ , Bode 

and Nyquist diagrams can be plotted. The Bode diagram is the representation of the 

symmetric of the phase angle φ  vs. frequency. This is a semi-logarithmic plot 

because both the impedance and the frequency often span orders of magnitude. 

Bode plots explicitly show the frequency-dependence of the impedance of the device 

under test. A Nyquist plot is the representation of the imaginary impedance, -ZImag, 

which is indicative of the capacitive and inductive character of the cell, vs. the real 

impedance of the cell, ZReal. Nyquist plots have the advantage that activation-

controlled processes with distinct time-constants show up as unique impedance arcs 

and the shape of the curve provides insight into possible mechanisms or governing 
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phenomena. However, this format of representing impedance data has the 

disadvantage that the frequency-dependence is implicit; therefore, the AC frequency 

of selected data points should be indicated. Because both data formats have their 

advantages, it is usually best to present both Bode and Nyquist plots – Figure 1.11.       

 

 
Figure 1.11 - Graphical representation of the AC impedance of a PEC cell in 3-electrodes configuration: 

(a) Nyquist diagram; (b) impedance Bode diagram; (c) phase Bode diagram. 

 

 It is important to holdback that impedance analysis is based on the assumption 

that the system under study behaves linearly. Since linear systems typically exhibit 

features and properties that are much simpler than the general nonlinear cases, the 

analysis rends less complex. A system is linear if it complies with both homogeneity 

and additivity principles, which state that: i) when a perturbation is imposed to a 

system, the response will be proportional and of the same type as the input signal (for 

instance, if a tensile strength applied to a sample increases two fold, the 

corresponding strain will double); ii) if the perturbation imposed to a system consists 

of the weighted sum of several signals, then, the output is simply the weighted sum of 

the system’s responses to each input signal. Mathematically, let us consider ( )1
y t  the 

response of a continuous time system ( )1
x t  and ( )2

y t  the output corresponding to 

the input ( )2
x t . Then the system is linear if: 
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i) Principle of homogeneity: the response to ( )1⋅a x t  is ( )1a y t⋅  

ii) Principle of additivity: The response to ( ) ( )1 2+x t x t  is ( ) ( )1 2+y t y t  

Attempting on the system under study, i.e. a photoelectrochemical cell for water-

splitting and its I-V characteristic shown in Figure 1.12, it is clear that the response to 

a voltage input signal is not linear. The way to circumvent this situation is to consider 

only a small portion of the cell's current versus voltage curve, which appears to be 

linear – Figure 1.12. In practice, for EIS measurements a small voltage perturbation (1-

20 mV) is applied to the cell, ensuring that the response is in the pseudo-linear 

range.
[91]

  

 

 
Figure 1.12 - Current versus voltage curve showing pseudo-linearity.

 
(Current-voltage characteristic is a 

steady-state technique that determines the performance response of a photoelectrode in the dark and 

under different light conditions. The J-V characteristic applied for water splitting is usually performed in a 

three electrodes configuration (being the third one is the reference electrode, usually Ag/AgCl). 

1.2.2. ELECTRICAL ANALOGUES 

EIS data usually represents the electrochemical systems as an electronic circuit, 

which may consist of resistors, capacitors, inductors and more complex elements, 

assembled in series or in parallel. Equivalent electrical analogues are a useful tool for 

the interpretation of experimental results, by fitting the experimental data to specific 

arrangements of electrical elements. This can provide relevant information 



CHAPTER 1 
 

29 

concerning reaction kinetics, ohmic conduction processes and even mass transfer 

phenomena occurring in electrochemical systems. The different circuit elements in 

alternating current (AC) are briefly described hereafter. However, complementary 

knowledge about standard circuit elements is strongly encouraged.
[89]

  

OHMIC RESISTANCE 

The equivalent analogue for an ohmic conduction process is a simple resistor, which 

according to the Ohm’s law represents the resistance to electric charge transfer. For a 

sinusoidal perturbation the impedance of a resistor ZR in the complex plane is simply 

defined as: 

RZ R=                                     (1.19) 

For the case of a simple resistor, the corresponding Nyquist plot is just a point in the 

real axis with value R with no imaginary component and independent of frequency – 

Figure 1.13. 

 
Figure 1.13 - Graphical representation of the AC impedance of a resistor (R = 5 kΩ): a) Nyquist diagram; 

b) impedance Bode diagram; c) phase Bode diagram. 
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DOUBLE LAYER CAPACITANCE 

An electrical double layer exists at the interface between an electrode and its 

surrounding electrolyte as shown in Figure 1.14. This double layer is formed due to 

the charge separation that occurs across the interface: an excess of ions of opposite 

charge to that on the electrode will be found on the electrolyte phase boundary. A 

simple way of understanding the double layer behavior is to imagine that ions at each 

side of the interface approach the electrode surface as closely as possible, originating 

two parallel layers of equal and opposite charge, one on the electrode side and the 

other on the electrolyte side- Figure 1.14.  

 
Figure 1.14 - Schematic representation for an n-type semiconductor of: depletion layer zone and the 

electrical double layer (Helmholtz layer). 

 

This double-layer will act as a charge storage
[92]

, i.e. a capacitor with an impedance 

response defined as follows: 

ω
= 1

CZ
j C

                                                 (1.20)     

In real cells, formed by nanoporous semiconductors, the double layer capacitor 

does not behave ideally. Instead it acts like a constant phase element (CPE), a non-

ideal capacitance with a non-uniform distribution of current in the heterogeneous 

material. In this case, the impedance of the double layer capacitance is defined as: 
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z
C n

1
Z =

jωC
                                (1.21) 

where nz (0 < nz < 1)  is an empirical constant with no real physical meaning; for ideal 

capacitors nz = 1.
[89]

  

For the case of a simple capacitor, the corresponding Nyquist plot is just a vertical 

line coincident with the imaginary axis and thus with no real component - Figure 1.15. 

As frequency decreases, the imaginary component of the impedance dominates the 

response of the circuit.  

 
Figure 1.15 - Graphical representation of the AC impedance of a capacitor: a) Nyquist diagram; b) 

impedance Bode diagram; c) phase Bode diagram. ω is the radial frequency; C = 1 µF. 

 

Components of an electrical circuit can be connected in series or in parallel. The net 

impedance of a system with elements assembled in series is the sum of the 

impedances of the circuit elements: 

= + +
1

...
Series i

Z Z Z                                   (1.22) 

being i the number of circuit elements. Thus, if a capacitor is assembled in series with 

a resistor, the net impedance is given by: 

ω
= + 1

Z R
j C

                      (1.23) 
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The corresponding Nyquist diagram is a vertical line displaced with real component 

given by the value of the resistor R. As frequency decreases, the imaginary 

component of the impedance dominates the response of the circuit- Figure 1.16  

 
Figure 1.16 - Graphical representation of the AC impedance of a capacitor in series with a resistor: a) 

Nyquist diagram; b) impedance Bode diagram; c) phase Bode diagram. ω is the radial frequency; C = 1 µF 

and R = 5 kΩ.  

 

ELECTROCHEMICAL REACTION 

The impedance behavior of an electrochemical reaction can be well represented by 

a parallel assembling of a resistor, R, and a capacitor, C. While the resistor models the 

kinetics of the electrochemical reaction, the capacitor describes the charge separation 

across the interface.
[93]

 The net impedance of a system with elements assembled in 

parallel is given by: 

= + +
1

1 1 1
...

parallel nZ Z Z
                                       (1.24) 

being i the number of circuit elements. Thus, for an electrochemical reaction the total 

impedance may be defined as: 

ω
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+
1

1 /
Z

R j C
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The corresponding Nyquist diagram, presented in Figure 1.17, shows a semicircle 

with diameter R. The extension of the semicircle, therefore, provides useful 

information concerning the reaction kinetics of the system: facile reaction kinetics will 

show a small diameter, while a blocking electrode will be characterized by a huge 

semicircle. Finally, the time constant of the reaction kinetics, τ, is given by: 

ω
τ

= =max

1 1

RC
                                                 (1.26) 

where ωmax is the radial frequency at the semicircle maximum (Figure 1.17). The high-

frequency intercept of the semicircle is zero, while the low-frequency intercept of the 

impedance semicircle is R.  

 
Figure 1.17 - Circuit diagram and Nyquist plot representing the impedance behavior of an 

electrochemical reaction: a) Nyquist diagram; b) impedance Bode diagram; c) phase Bode diagram. ω is 

the radial frequency; ZR = 8 kΩ and ZC = 1 µF. 

 

1.2.3.  EIS ANALYSIS OF PEC CELLS FOR WATER SPLITTING 

Photoelectrochemical cells for water splitting have been extensively characterized 

by the well-known Mott-Schottky relation, which allows obtaining the flat-band 

potential and the donor density by plotting the inverse square route of the space 

charge capacitance as a function of the applied potential. The capacitance is usually 
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determined by fitting the experimental data to a simple resistor-capacitor (RC) 

electrical analogue assembled in parallel – Figure 1.18a). In fact, C1 in Figure 1.18a) 

corresponds to a series connection of two capacitances, the depletion layer of the 

semiconductor capacitance, CSC, and the Helmholtz layer capacitance in the 

electrolyte side, CH. The latter is negligible in the most cases, allowing isolating CSC to 

be used in the Mott-Schottky analysis. Different ranges of frequencies were 

considered to validate the referred analogue and all have determined consistent 

values of flat-band potential, in the range of 0.4-0.6 VRHE, and of donor density, 10
17

 

cm
-3

 for undoped structures and 10
21

 cm
-3

 for doped materials.
[34]

 Nevertheless, 

several discrepancies were identified for oxide semiconductors electrodes from the 

typical Mott-Schottky behavior: near and far the flat-band potential, ascribed to 

localized interface states and to deep donor level, respectively. To account for this, 

more complete models were developed considering these intrabandgap states Figure 

1.18b).
[94-96]

  

 

 
 

 
 

 
 

Figure 1.18 - Proposed electric models to describe PEC cells behavior: a) simple RC element used to 

calculate the flat band potential and the donor density from Mott-Schoktty equation, applicable at high-

frequency; b) electric model taking into account trap states (interface states at low-potentials and near 

the flat band potential and deep donor levels far from the flat-band potential); c) electric model 

describing electron transfer from the conduction band to the redox system via two steps: electron 

trapping in the surface states and posterior tunneling to the redox system; d) typical response of 

hematite photoelectrodes prepared by APCVD.[34] 
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Considering an n-type semiconductor under forward bias, there are two main 

charge transfer routes involving surface states: trapping electrons from the 

conduction band or holes from the valence band, acting as a recombination center. 

Thus, the electrons transfer from the conduction band to the redox system occurs via 

two steps: electron trapping in the surface states and posterior tunneling to the redox 

system. The correspondent equivalent electrical analogue is presented in Figure 

1.18c). This analysis has been also extensively used for determining the injection of 

minority carriers and subsequent recombination with majority carriers via surface 

states.
[97]

 The physical meaning of the simple elements depends upon the details of 

the entire mechanism. More recently, the electrical analogue presented in Figure 

1.18d) was proposed to describe the impedance response of a nanostructured 

hematite photoanode prepared by atomic pressure chemical vapor deposition 

(APCVD).
[98]

 In this model, the element RS is the series resistance, which includes the 

sheet resistance of the TCO glass substrate and the external contacts resistance of the 

cell (e.g. wire connections). Then, two RC elements in series are considered 

representing the semiconductor bulk and the surface phenomena, respectively.
[98]

 

According with that, and bearing in mind that the electronic processes in the bulk are 

generally faster than the charge transfer processes or diffusion of ions in solution, the 

low-frequency response was assigned to the semiconductor-electrolyte charge 

transfer resistance, RCT, together with the CH.
[34, 98]

 The faster electronic processes 

occur in the semiconductor (high-frequency range, 0.1 Hz to 100 Hz); they are 

described to the resistance on the depletion layer, RSC, and the space charge 

capacitance, CSC, similarly to the simple RC circuit shown in Figure 1.18a). Moreover, 

this RC element is the combination of different resistances and capacitances related 

to transport in the semiconductor layer, charge diffusion in the space charge layer 

and surface trap charging by electrons and holes.
[98]
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1.3 OBJECTIVES AND OUTLINE OF THIS WORK 

In the last few years, research on light-driven water splitting has been growing quite 

fast and remarkable breakthroughs on the development of such systems have been 

achieved. Nevertheless, there are some key challenges that must be addressed to 

turn PEC cells into an economically viable option, producing a photocurrent of about 8 

mA·cm
-2

, the minimum required to reach 10 % efficiency, target for 

commercialization.  

This thesis aims to contribute to the insightful study and characterization of 

photoelectrochemical cells for hydrogen production from solar energy.   

Chapter 1 introduces the different routes to produce hydrogen using 

photoelectrochemical cells. It discusses important aspects of the PEC cells working 

mechanisms and their materials. An overview concerning the electrochemical 

techniques, such as current-voltage characteristics and electrochemical impedance 

spectroscopy, was outlined. The theoretical analysis behind the EIS interpretation 

based on electrical analogues is also presented.   

Chapter 2 presents the designed and built test bench for investigating the 

photoelectrochemical systems and for performing conventional electrochemical 

characterization. Particular emphasis was given to the study of these systems under 

two different electrode configurations, which is usually used in such measurements, 

namely 2- and 3- electrode configurations.  

Chapter 3 studies the electrochemical behavior of hematite photoanodes with 

different thicknesses by electrochemical impedance spectroscopy under dark 

conditions. An electrical analogue was proposed to fit the EIS spectra data and 

important information was obtained concerning the semiconductor/electrolyte 

interface, as well as for the semiconductor bulk/depletion layer.  

In Chapter 4 a photoelectrochemical device with an optimized new design is 

disclosed allowing testing different photoelectrodes configurations, suitable for 

continuous operation and where evolved gases are easily collected.  
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A transient phenomenological model applied to the PEC system for water-splitting 

is presented on Chapter 5, with special focus on the kinetic parameters of Butler-

Volmer equation.  

Finally, in chapter 6 the main conclusions and future work suggestions are 

presented.  
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NOMENCLATURE  

Variables  Definition Unit 

C - Capacitor F 

EBias - External bias potential V 

EC - Conduction band potential V 

pEd - Hole-induced corrosion value V 

nEd - Electron-induced corrosion value V 

Eg - Semiconductor bandgap  V 

EF - Fermi level of the semiconductor V 

E
2 2H O/H  - Water reduction potential in alkaline electrolyte V 

E -
2O /OH

 - Water oxidation potential in alkaline electrolyte V 

E +
2H /H
 - Water reduction potential in acid electrolyte V 

E
2 2H O/O  - Water oxidation potential in acid electrolyte V 

ERedox - Redox potential V 

EV - Valence band potential  V 

F - Faraday constant, 9.6485339 × 10
4
  C·mol

-1
 

h - Planck constant, 6.6260693(11) × 10
-34

  J·s 

I - Current  A 

0I  
- Amplitude of the current signal,  A 

I(t) - Current response A 

j - Imaginary number  

J - Current density  A·m
-2

 

e
m

*
−  - Effective electron mass, kg  

nZ - Empirical constant  

q - Elementary charge, 1.60217646 × 10
-19 

 C 

R - Resistance Ω 

ROhmic - Ohmic resistance  Ω 

T - Absolute temperature K 

t - Time s 

V - Applied potential V 
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Vloss - Ohmic voltage loss  V 

V(t) - Voltage perturbation  V 

V0 - Amplitude of the voltage signal V 

z - Number of electrons transferred in the reaction  

Z - Impedance  Ω 

ZC - Impedance of capacitor  Ω 

ZImag - Imaginary Part of impedance  Ω 

ZReal - Real Part of impedance  Ω 

ZR - Impedance of a resistor R Ω 

Z0 - 
Ratio of the amplitude of the voltage signal and the 

amplitude of the current collector 

 

   

Greek Symbols  Definition  

ε
 

- Dielectric constant  

0ε  
- Permittivity of free space, 8.85419 × 10

-12
  F·m

-1
 

φ  -  Phase angle  ˚ 

λ  - Wavelength m 

z
η  - Electrolyzer efficiency  

nτ  - Carrier lifetime  s 

ω   - Radial frequency  Rad·s
-1

 

G∆  - Free energy for the overall cell reaction J 

E∆ °  - Electric potential of the reaction  V·mol
-1

 

    

Superscripts  Definition  

˚ - Standard  

    

Subscripts  Definition  

d - Decomposition  

e
-
 - Electrons (in section 1.1.4 electrons are identified by “n”) 

h
+
 - Holes (in section 1.1.4 electrons are identified by “p”) 

S - Series resistance  

SC - Space charge 
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Abbreviations  Definition  

ALD  Atomic layer deposition  

AM - Air mass  

CB - Conduction Band  

CE - Counter Electrode  

CVD - Chemical vapor deposition  

ECE - Energy Conversion Efficiency  

EIS - Electrochemical impedance spectroscopy  

FRA - Frequency response analyzer   

IPCE - Incident photon to current efficiency  

M - Metal  

OER - Oxygen evolution reaction  

PEC - Photoelectrochemical  

PV - Photovoltaic  

ref - reference  

REF - Reference electrode  

RHE - Reversible Hydrogen Electrode  

SC - Semiconductor  

SCLJ - Semiconductor-liquid junction  

SHE - Standard Hydrogen Electrode   

STH - Solar-to-Hydrogen efficiency  

Solv - Solvation of the elements  

TCO - Transparent conductor oxide  

VB - Valence Band  

WE - Working electrode  
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ABSTRACT 

An experimental computer controlled test bench was assembled, which allows the 

investigation of photocurrent/voltage characteristics and electrochemical impedance 

spectra of PEC devices. In the present chapter a detailed description of the developed 

laboratory set-up for studying PEC cells performance is outlined along with the 

electrochemical characterization techniques implemented. The performance of the 

developed test bench was assessed investigating two different electrodes 

configuration, namely the 2- and 3-electrodes configuration. A photoelectrochemical 

cell for solar hydrogen production via water splitting, using undoped-hematite as 

photoanode, was characterized concerning photocurrent-voltage characteristics and 

electrochemical impedance spectroscopy. Both techniques were applied in dark and 

under illumination conditions. The analysis of the frequency spectra for the real and 

imaginary parts of the complex impedance allowed to obtain information about the 

two electrode configuration studied. With 2-electrodes configuration the study of the 

overall charge transfer phenomena occurring at the semiconductor, within the 

electrolyte and at the counter-electrode side of the cell were obtained. In its turns, 

the 3-electrode configuration gave more detailed information concerning the double 

charged layer at the semiconductor/electrolyte interface. 
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2.1. INTRODUCTION 

Photoelectrochemical (PEC) cells combines in a single device the harvesting of solar 

energy with an electrolysis system, converting water into hydrogen and oxygen by 

light-induced electrochemical processes.
[1]

 Direct water-splitting can be only 

accomplished if photoelectrodes have the required properties and, in particular, if 

they have suitable band edge potentials that straddle the reduction and oxidation 

potentials of water. Moreover, they must be stable and show high light absorption 

and charge transfer efficiencies. Such semiconductors based on the presently 

available materials and morphologies do not exist.
[2]

 However, conventional 

nanostructured materials can exhibit very different and improved properties 

concerning charge transfer of electron-hole pair to the photocatalyst surface and 

energy band edges shift depending on the actual morphology, structural properties 

and doping level.
[3]

 Hence, it is important to set up a test bench to characterize the 

performance of promising new materials that are presently under development.  

A PEC cell comprises two electrodes, an anode and a cathode, both immersed in an 

aqueous electrolyte solution; at least one of the electrodes must be photoactivated 

under illumination. When a semiconductor with the ideal set of properties is 

immersed in an electrolyte solution and illuminated, the correspondent photon 

energy is used to splitting water into hydrogen and oxygen. Thus, to simulate a real 

PEC cell application, a 2-electrode configuration is the configurations used. However, 

it is known that the main concerns about PEC cells lies on the energetic properties 

and stability issues of the photoactive materials.
[4]

 Most of the time, the interest in 

such system is focused only in studding the reactions that occurs at the photoactive 

electrode. Consequently, a 3-electrode configuration is typical adopted to measure 

the electrochemical properties of a PEC cell in a laboratory environment, being the 

third electrode the reference one.  

Electrochemical characterization methods consists normally on perturbing certain 

variables of the electrochemical cell and operating conditions and monitoring how 

other variables, usually current, potential, or charge concentrations (Figure 2.1).
[5]
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Figure 2.1 - Variables affecting the rate of an electrode reaction.
[
5] 

 

The typical photocurrent/voltage characteristics can be quite informative about the 

performance of the cell detailing the amount of produced current at a given applied 

potential. Whereas, the incident photon-to-current conversion efficiency (IPCE) 

studies the photoelectrodes current response to the incident light power with a given 

wavelength. Both techniques give information about the amount of current flowing 

through the external circuit when a perturbation to the PEC system is applied.   

One of the most powerful characterization tools of electrochemical processes is 

electrochemical impedance spectroscopy (EIS) analysis. EIS is a dynamic technique 

where a sinusoidal perturbation in voltage is applied to the system and the amplitude 

and phase shift of the resulting current response are measured. Even though this 

method is relatively easy to apply, the correct interpretation of the results requires 

the use of suitable theoretical models. The construction of equivalent electrical 

analogues is therefore envisaged as an important “first approach” tool to identify and 

interpret the charge transfer phenomena occurring in PEC cells under typical 

operating conditions.
[6]
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The present work, intends to study the PEC cell performance of the two possible 

electrodes configurations by J-V characteristics and also by EIS in the dark and under 1 

sun illumination.  Undoped-hematite was taken here as a case of study.  

The use of EIS analysis targeted to characterize and individualize the major internal 

charge transfer resistances that limit the performance of the cells under study with 

undoped-Fe2O3 as photoanode in 2- and 3-electrode configuration.
[7, 8]

 In spite of the 

fact that undoped-hematite is an insulator and so considerable photocurrents cannot 

be obtained, the use of this photoanode allows to identify the main electron 

transport limitations occurring in this simple system.  

2.2. THE TEST BENCH 

The laboratory test bench designed to study the performance of PEC cells is shown 

in Figure 2.2. The experimental set up was mounted over a scientific grade 

breadboard (Ref. MSG142, Newport, USA) that provides stability and rigidity.
[9] 

To study the solar water-splitting phenomena in a test bench it is necessary to 

simulate the appropriate sunlight conditions. Sunlight is a relatively constant light 

source, though the terrestrial irradiance level and spectrum changes with daily and 

annual cycles and with unpredictable atmospheric conditions. In Figure 2.2 it can be 

found three different types of solar sources: two solar simulators, an Oriel class A 

solar simulator with 2 × 2 inches illumination area (150 W Xe lamp Ref. 91159A, 

Newport, USA) for small size photoelectrodes (Figure 2.2b) and an Oriel class B solar 

simulator with 6 × 6 inches illumination area (1600 W Xe lamp, Ref. 92193B, Newport, 

USA) for large size PEC cells devices (Figure 2.2c), and finally an arc lamp housing with 

1.3 x 1.3 inches output beam (Ref. 67005, Newport, USA) that is mainly used to 

perform aging tests (Figure 2.2a). All the presented light sources are able to simulate 

1 sun with an AM 1.5 G filter; the light sources are calibrated using a single crystal Si 

photodiode (Ref. 91150, Newport, USA).
[10]
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Figure 2.2 - View of the test bench for the electrochemical characterization of PEC cell for water splitting. 

Three light sources with different illumination areas and accuracy were used; a) xenon lamp with an 

aperture of 2 inches diameter; b) solar simulator class A with 2 × 2 inches and c) solar simulator class B 

with 6 × 6 inches. 

 

Since the solar simulator that best simulates the solar spectrum following the IEC 

60904-9 Edition2 and ASTM E927-10 standards, class A solar simulator, has a vertical 

light beam it was necessary to redirect horizontally the beam to be able to focus the 

PEC cell. To accomplish that, a broadband reflector mirror with an enhanced 

aluminium coating was used (Ref. 30Z40ER.1, Newport, USA) - Figure 2.3.
[9]

 

PEC cells for water splitting can be tested using two different electrode 

configurations, namely 2- and 3- electrodes configurations. Usually, to carry out 

standard electrochemical characterization tests in PEC cells a 3-electrode 

configuration is preferable. As described in chapter 1, there are several reference 

electrodes, however, the most used in the photo water splitting is the Ag/AgCl/sat KCl 

(Ref. 6.0724.140, Metrohm, Switzerland) - Figure 2.4. 

 

Small PEC devices Large PEC devices

a) b) c)
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Figure 2.3 - Reflectance of the broadband reflector mirror with the enhanced aluminum coating. 

 

 

Figure 2.4 - Small PEC cell supported on the precision rail and carrier in a 3-electrode configuration. In 

the inset figure a top-view is presented. 
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The selected counter-electrode was a pure platinum wire (Alfa Aeasar®, Germany) 

for small size photoelectrodes and a platinized titanium mesh (Davis-K, USA) for large 

photoelectrodes. The working electrode is composed by the photoactive 

semiconductor material, while the electrolyte should display a high conductivity
[2]

 and 

it should be pH compatible with the photoelectrode used for allowing its stability – 

see Chapter 1. Temperature, pH and electrolyte concentration should be controlled 

during the electrochemical measurements.  

A refrigerator/heating circulator thermal bath (Ref. F-25 ME, Julabo, Germany) was 

used to control the temperature of the electrolyte.
[11]

 The pH of the electrolyte was 

controlled using a compact inolab pH 730 (Ref. inoLab pH 730, WTW, Deutschland).
[12]

  

Once found a photoelectrode capable of producing high currents (> 8 mA·cm
-2

) 

densities, the test bench was designed to read directly the produced hydrogen using 

an ultra-low flowrate meter (MilliGascounter®, Ritter, Germany); the minimum flow 

rate is 1.0 mL·h
-1

 and the maximum is 1.0 L·h
-1

 with an accuracy of ± 3 % and a 1 mL 

resolution.
[13]

 The flowmeter were connected to a data acquisition board for online 

reading.  

The electrochemical measurements can be performed using different equipments: 

i) a 2425-C Keithley sourcemeter (Keithley Instruments, Inc., USA), combining the 4-

wires sense mode; ii) a ZENNIUM workstation (Zahner Elektrik, Germany); and iii) an 

Autolab PGSTAT 302N (Metrohm AG., Switzerland) - Figure 2.2. Both ZENNIUM and 

Autolab workstations provided the corresponding data acquisition software, Thales Z 

1.0 and NOVA 1.10, respectively.  

The electrochemical impedance spectroscopy measurements were conducted in 

either workstations; the ZENNIUM offers a wider frequency range from 10 μHz to 4 

MHz, an output current up to ± 2.5 A and fast signal processing, whereas Autolab 

combined with a FRA module is special designed for electrochemical impedance 

spectroscopy measurements with a compliance voltage of ± 10 V, an output current 

up to ± 2 A and a frequency bandwidth of 10 μHz to 1 MHz. 

A photoelectrochemical cell reactor called “Cappuccino” (developed by EPFL) was 

used for characterizing very small photoelectrodes.
[14]

 This “Cappuccino” cell is made 
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of PEEK (beige) that is one of the most resistant polymers to basic and acid solutions - 

Figure 2.4. The light beam pass through a 20 mm diameter uncoated fused silica 

window (Ref.RQD20/2, Robson Scientific, England). Later, other photoelectrochemical 

reactors were developed by the author as described in Chapter 4.  

2.2.1. ELECTROCHEMICAL CHARACTERIZATION  

CURRENT-VOLTAGE CHARACTERISTIC 

The performance of a photoelectrochemical cell can be investigated by applying a 

certain voltage and measuring the resulting current density, i.e. determining its 

current-voltage (I-V) characteristic. This steady-state technique obtains the current-

voltage response of the system in dark and under different light conditions. The 

current-voltage characteristic is usually performed in a cell with 3-electrodes 

configuration under potentiostatic conditions (Figure 2.4), being the response 

strongly affected by the semiconductor/electrolyte interface.  

Considering an n-type semiconductor as an example, the I-V curves ideally present 

the shape sketched in Figure 2.5. However, depending on the band edges, Fermi level, 

redox potentials, kinetics of the oxidation reaction, efficiency of charge transport and 

the presence of recombination centers, the characteristic curve can in fact show 

many other shapes.  

 

Figure 2.5 - Ideal behavior for an n-type semiconductor in the dark a) and under irradiation b).
[15]
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A variety of performance indicators can be drawn from these curves to rate the 

performance of the PEC cell, namely: i) the maximum photocurrent; ii) open-circuit 

voltage (Voc); and iii) solar-to-hydrogen efficiency (STH). This steady-state technique is 

convenient to obtain a general idea about the generation and collection of charge 

carriers, i.e. only the overall processes can be assessed; details of charge carrier 

dynamic are out of sight.  

INCIDENT PHOTON-TO-CURRENT CONVERSION EFFICIENCY 

Another very useful parameter to evaluate the performance of a 

photoelectrochemical cell for hydrogen production is the incident photon-to-current 

conversion efficiency (IPCE) - Figure 2.6. 

 

 

Figure 2.6 - Incident photon-to-current conversion efficiency (IPCE) installation view for PEC cells 

characterization. 

 

Incident photon-to-current conversion measures the response of the PEC cells as a 

function of the incident wavelength.
[16]

 Thus, IPCE is defined as the ratio of the 

number of photogenerated electrons flowing in the external circuit (Nelectrons) to the 

number of incident photons with a given wavelength (Nphotons): 

( ) electrons

Photons

N
IPCE λ

N
=          (2.1) 
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Substituting now the photocurrent definition as the amount of electrical charge 

transferred per time unit (Isc = qNelectrons/t) in the previous equation, the IPCE is 

therefore defined as: 

/
( )

/ /

electrons electrons sc

Photons Photons Photons

N qN t I
IPCE λ

N qN t qN t
= = =       (2.2) 

where q is the elementary charge, Isc is the photocurrent and t is the time.  

The number of incident photons with a given wavelength relates to the power of 

the incident light (Pinc) by Equation (2.3): 

0photons photons

inc

N N c
P hυ h

t t λ
= =         (2.3)

where h is the Planck constant, ν is the frequency, c0 is the speed of light and λ is the 

wavelength. Substituting Equation (2.3) into Equation (2.2), the IPCE value can be 

rewritten as: 

( ) 0

0

1240
100%sc sc sc

inc inc inc

I I hc I
IPCE λ

qλP P qλ P λ
hc

= = = ×      (2.4) 

Finally, the IPCE is calculated measuring the current in a cell when a particularly 

wavelength or a small wavelength range with a known irradiance Pinc focus on the 

photoelectrode. The IPCE is usually determined at a bias voltage corresponding to the 

maximum power point (voltage corresponding to the peak efficiency). Efficient cells 

achieve very high IPCE values, over a broad range of visible spectrum, which implies 

that injection and collection efficiencies are close to 100 % after taking into account 

reflection losses at the glass surface.
[17]

  

ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY  

While current-potential curves provide general performance information of the 

photoelectrochemical cell, the electrochemical impedance spectroscopy is a more 

sophisticated technique used to distinguish the different pathway losses that limit the 



DEVELOPMENT AND TEST OF A TEST BENCH FOR PHOTOELECTROCHEMICAL DEVICES 

 

62 

efficiency and stability of the cells.
[18] 

To better understand the working principles of 

electrochemical impedance spectroscopy (EIS) technique, a general flow diagram 

describing the normal procedure used in such analysis is presented in Figure 2.7. 

Although EIS is seen as a powerful characterization method for electrochemical 

systems, ambiguities arising from data interpretation must be considered. Presently, 

there are software applications for obtained the fitting parameters of equivalent 

circuit analogues to the experimental EIS data, such as the Zview® software (Scribner 

Associates Inc., USA).   

 

Figure 2.7 - Flow diagram for measurement and characterization of a material-electrode system.
[19] 

 

2.3. EXPERIMENTAL 

2.3.1. PHOTOELECTROCHEMICAL CELL SETUP 

The PEC device cell, known as “cappuccino”, was chosen to perform the 

electrochemical characterization.
[14]

 The cappuccino cell, shown in Figure 2.8, is made 

of polyetheretherketone (Erta PEEK
®
) and has a 20 mm diameter uncoated fused silica 

window (Robson Scientific, England) pressed against an o-ring by a metallic window 
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part. The cell was filled with an electrolyte solution consisting of 1.0 M NaOH (25 ºC, 

pH=13.3)
[8, 20]

 in which the photoanode was immersed. The latter comprised a 2 mm-

thick conducting glass (FTO glass, 7-15 Ω/□) coated with undoped-hematite (prepared 

by ENI-Novara by spray pyrolysis as described elsewhere 
[21-23]

). The total immersed 

active surface area was approximately 2.5 cm
2
, 0.5 cm

2
 of which being illuminated 

through an external mask. A 99.9 % pure platinum wire (Alfa Aeasar
®
, Germany) was 

used as counter-electrode.  

 

Figure 2.8 - Detail of the “cappuccino” PEC cell. 

 

The electrochemical impedance spectroscopy measurements were performed using 

two configurations. In a standard 3-electrode configuration the Ag/AgCl/Sat KCl 

electrode (Metrohm, Switzerland) was used as reference electrode; the platinum wire 

as counter-electrode and the photoanode as working electrode. In a 2-electrode 

configuration, the reference electrode of the electrochemical workstation was short-

circuited with the counter-electrode of the PEC. 

2.3.2. I-V MEASUREMENTS  

The photocurrent-voltage (I-V) characteristic curve was obtained applying an 

external potential bias to the cell and measuring the generated photocurrent using a 

ZENNIUM workstation. The measurements were performed in the dark, at 25 °C and 

under 1-sun simulated sunlight, AM 1.5 G, calibrated with a c-Si photodiode, at a scan 
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rate of 50 mV·s
-1

 between 0.8 and 1.7 VRHE. A standard 3-electrode configuration was 

used. 

2.3.3. EIS MEASUREMENTS 

A ZENNIUM workstation was used to perform EIS measurements in either a 2- or 3-

electrode configuration. The frequency range was 1 Hz – 100 kHz and the magnitude 

of the modulation signal was 10 mV within the working range of the equipment. All 

the measurements were performed at room temperature and at 0.4 V applied 

potential.
[8]

 

2.4. RESULTS AND DISCUSSION 

2.4.1. PHOTOCURRENT-VOLTAGE CHARACTERISTICS 

Figure 2.9 shows the J-V curves for undoped-Fe2O3 in the dark and under simulated 

sunlight. Analyzing the J-V curve under dark conditions it is noticed that, for potentials 

higher than 1.6 VRHE, the electrocatalytic oxygen evolution starts - known as dark 

current. For this reason, under illumination the current is negligible to potentials 

higher than 1.6 VRHE.
[20]

 At the potential of the reversible oxygen electrode (1.23 VRHE), 

the photocurrent density is 89.7 µA·cm
-2

. The later value is in agreement with results 

in literature: undoped-Fe2O3 acts as an insulator when used as a photoelectrode in a 

PEC cell, with typical values in the order of tens of µA·cm
-2

.
[20]

 In fact, these low 

photocurrents are mainly ascribed to poor transport properties, which leads to low 

conductivities and limited photoresponse. Moreover, it is often reported short charge 

carrier diffusion lengths and slow kinetics of water oxidation by the valence band 

holes at the surface of the semiconductor. Consequently, most of the holes are 

created in the bulk and will recombine with electrons from the conduction band 

before reaching the semiconductor/electrolyte interface.
[24]
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Figure 2.9 - Photocurrent-voltage curves of the undoped-Fe2O3 electrode in the dark (blue solid line) and 

under 1 sun simulated light (red solid line). 

 

2.4.2. ELECTROCHEMICAL IMPEDANCE MEASUREMENTS 

Figure 2.10 shows the impedance spectra for the 2-electrode configuration. Here 

the overall processes occurring in the cell, namely, in the semiconductor, in the 

electrolyte and at the counter-electrode side, are evaluated in the dark and under 

simulated sunlight conditions. Here, the impedance spectrum is strongly affected by 

the light intensity applied onto the PEC cell. In fact, the internal resistance 

corresponding to the overall charge transfer process under illumination is significantly 

lower than in dark conditions. Additionally, the Nyquist diagram obtained in the dark 

shows an apparent semicircle in the overall frequency range – Figure 2.10a), meaning 

that the impedance behavior corresponding to charge transfer resistances in the 

semiconductor and in the electrolyte solution are overlapped. This is in agreement 

with the Bode plots shown in Figure 2.10b), where only one constant time is 

identified (|Z| vs. frequency shows a single straight line in the low and middle 

frequency range). In fact, this large charge transport resistance should be ascribed to 

the semiconductor while the electrolyte diffusion resistances should be in the order 

of few ohms since the pathway for hydroxyl ions is short in the “Cappuccino” PEC cell 

and the electrolyte is concentrated (1 M NaOH). Under illumination, the semicircles 
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corresponding to the charge-transfer resistance in the semiconductor and the 

diffusion within the electrolyte are still indistinguishable. In Figure 2.10b) it is possible 

to distinguish two time constants denoted by the two peaks in the Bode-Phase 

diagram. Actually, the low-frequency peak corresponds to the diffusion within the 

electrolyte and the electron transport/recombination process in the semiconductor 

and the high-frequency peak is related to the counter-electrode contribution. 
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Figure 2.10 - a) Nyquist diagram and b) Bode plots obtained in the dark and under simulated sunlight at 

0.4 V in a 2-electrode configuration.  
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The charge transfer process at the platinum counter-electrode/electrolyte 

interface, typically observed in the high frequency range, is not present under dark 

conditions. However, at the inset of Figure 2.10a), a very small semicircle appears in 

the high frequency range, ascribed to the charge-transfer process in the platinum 

counter-electrode under illumination, which is confirmed by the bode plot. 
[18, 25]

 This 

is not observed in dark conditions because the resistances involved are several orders 

of magnitude higher the resistance at that interface. 

As previously mentioned, a 2-electrode configuration makes difficult the estimation 

of the semiconductor and electrolyte impedances due to the observed overlap 

between the impedance data of these two components of the PEC cell. To overcome 

this issue a 3-electrode configuration was therefore considered. In fact, using a 

Ag/AgCl/sat KCl reference electrode, a counter-electrode and a photoanode with such 

configuration, allows to isolate the impedance of the double space-charge layer in the 

semiconductor/electrolyte interface.
[26]

 When a semiconductor is brought into 

contact with an electrolyte solution in the dark, a space charge layer arises in a region 

of the semiconductor adjacent to the interface with the electrolyte. Equilibrium of the 

electrochemical potentials of the two phases is established by electron transfer from 

the semiconductor to the electrolyte. Consequently, a positive space charge layer 

appears in the semiconductor side, across which a potential gradient exists. This layer 

is also denoted as depletion layer since the region is depleted of majority charge 

carriers. Additionally, a charged layer appears on the electrolyte interface side, 

consisting of charged ions adsorbed on the solid electrode surface – Helmholtz 

layer.
[27, 28]

 The 3-electrode configuration allows a more detailed analysis of the 

semiconductor/electrolyte interface, thus complementing the information obtained 

with the 2-electrode configuration. Figure 2.11 shows the impedance spectra 

obtained for the same PEC cell but in a 3-electrode configuration. Here, the processes 

occurring in the semiconductor and at the semiconductor/electrolyte interface are 

evaluated in the dark and under simulated sunlight conditions. Similar to the results 

observed with a 2-electrode configuration, quite different impedance spectra were 

obtained in the dark and under illumination. In fact, in dark conditions there is an 
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overlap of the semicircles corresponding to the semiconductor and double layer 

arising from the semiconductor/electrolyte interface (depletion and the Helmholtz 

layers as illustrated in Figure 2.11a). The huge resistance observed in dark conditions 

translates the low amount of charges being transported since the only charges that 

are produced is by applied voltage.  
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Figure 2.11 -  a) Nyquist diagram and b) Bode plots obtained in the dark and under simulated sunlight at 

0.4 VAg/AgCl in a 3-electrode configuration.  
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Furthermore, in the inset of Figure 2.11a), corresponding to the Nyquist diagram, 

two semicircles can be distinguished characterizing the electrical double layer. 
[7, 8, 26, 

29]
 The same conclusions can be drawn from the Bode plots – Figure 2.11b).  

A critical analysis of EIS spectra can only be done if a more comprehensive study is 

performed. In fact, it is difficult to understand a system based only in one spectrum 

obtained at one single applied potential. EIS and I-V characteristics offer 

complementary information in terms of the photoelectrochemical phenomena 

occurring in an operating PEC cell. Thus, the transient technique of EIS should be 

applied within the same potential range applied for obtaining the I-V characteristics, 

with a step potential of no more than 50 mV. If so, both techniques can be related 

and the performance response (given by I-V characteristics) can be explained in terms 

of resistive and capacitive elements (given by EIS). For that, a suitable electrical 

analogue should then be fitted to the experimental impedance spectra and the 

relevant parameters obtained and interpreted. A more complete electrochemical 

impedance spectroscopy analysis of the hematite photoelectrodes is presented in the 

next chapter.  

2.5. CONCLUSIONS 

For characterizing the performance of promising new materials that are presently 

under development for water splitting PEC cells an experimental and computer 

controlled test bench was assembled. This setup allows the investigation of 

photocurrent/voltage characteristics and electrochemical impedance spectra of PEC 

devices. The assembled test bench was successfully implemented. 

A study of photoelectrochemical and electrical properties of undoped-Fe2O3 was 

reported. This photoanode showed significantly electron transport limitations, 

producing a low photocurrent density of about 89.7 µA·cm
-2 

at an applied voltage of 

1.23 VRHE. Two different configurations were used to characterize the performance of 

the photoelectrochemical cell. In both situations, the impedance analysis showed that 

the charge transfer resistances are significantly reduced under irradiation. With a 2-

electrode configuration it is difficult to estimate the semiconductor and the 
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electrolyte impedances, due to the overlap between these two components of the 

PEC cell. Moreover, the phenomena under illumination and in dark are different and 

need to be represented by different electrical analogs. On the other hand, a 3-

electrode configuration allowed the separation of the overall processes occurring in 

the semiconductor/electrolyte interface, enabling to evaluate the charge transfer 

phenomena at the depletion and Helmholtz layers.  
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NOMENCLATURE  

Variables  Definition Unit 

A - Area m
2
 

c0 - Speed of light m·s
-1

 

E - Potential V 

Efb - Flat band potential  V 

h - Planck constant, 6.6260693(11) × 10
-34

  J·s 

I - Current  A 

I(t) - Current response A 

ISC - Electrical charge transferred per time unit A 

J - Photocurrent density  A·m
-2

 

Nelectrons - Number of light-generated electrons  

Nphotons - Number of incident photons at a given wavelength  

Pinc - Incident Power W 

q - Elementary charge, 1.60217646 × 10
-19 

 C 

t  - Time s 

Z - Impedance  Ω 

Z’ - Real part of impedance  Ω 

Z’’ - Imaginary part of impedance Ω 

    

Greek symbols  Definition 

φ  -  Phase angle  ˚ 

λ  - Wavelength m 

ω   - Radial frequency  Rad s
-1

 

    

Superscripts  Definition  

˚ - Standard  

    

Abbreviations  Abbreviations  

AM - Air mass  

EIS - Electrochemical impedance spectroscopy  
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IPCE - Incident photon to current efficiency  

PEC - Photoelectrochemical  

Ref. - Reference  

RHE - Reversible Hydrogen Electrode  

TCO - Transparent conductor oxide  

STH - Solar-to-Hydrogen efficiency  
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HEMATITE PHOTOELECTRODES FOR WATER 

SPLITTING: EVALUATION OF THE FILM THICKNESS 

ROLE BY IMPEDANCE SPECTROSCOPY  

 

Tânia Lopes, Luísa Andrade, Florian Le Formal, Michael Grätzel, Kevin Sivula, Adélio 

Mendes 

 

Adapted from Physical Chemistry Chemical Physics, 2014, submitted. 

 

ABSTRACT 

The electrochemical behavior of α-Fe2O3 photoelectrodes prepared by spray 

pyrolysis with different thicknesses was examined under dark and illumination 

conditions. The main charge transport phenomena occurring in the PEC cell 

photoelectrodes were characterized by electrochemical impedance spectroscopy (EIS) 

operating under dark conditions. The impedance spectra were fitted to an equivalent 

electrical circuit model for obtaining relevant information concerning reaction kinetics 

and charge transfer phenomena occurring at the semiconductor/electrolyte interface. 

A 3-electrode configuration was used to carry out the electrochemical measurements 

allowing a detailed study concerning the double charged layer at the 

semiconductor/electrolyte interface that arises under dark conditions. The model 

parameters determined by EIS were then related with film thickness to assess the role 

of electronic conduction on the performance of the cell. Moreover, correlating the 

samples thickness differences with their electrochemical impedance spectroscopy 

response, it was possible to discriminate the two main phenomena occurring on 
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semiconductor/electrolyte interfaces of photoelectrochemical systems under dark 

conditions: the space charge layer and the electrical double layer.  

 

Keywords: Solar Fuel, Water splitting, Hydrogen, Hematite, Electrochemical 

Impedance Spectroscopy, Electrical Analogues. 
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3.1. INTRODUCTION  

Water splitting in a photoelectrochemical cell is determined by several key 

parameters, which must be simultaneously fulfilled: i) the photoelectrode has to have 

strong light absorption in the visible spectrum; ii) high chemical stability in aqueous 

electrolyte solutions under dark and illuminated conditions; iii) suitable band edges 

positions for hydrogen and oxygen evolutions; iv) low kinetic overpotentials; and 

finally v) the charge transfer at the semiconductor/electrolyte interface must be 

selective for water splitting.
[1, 2]

 The phenomena occurring at the 

semiconductor/electrolyte interface are rather complex and they are not yet fully 

understood despite their great importance on PEC cells performance.
[3]

 

Electrochemical impedance spectroscopy (EIS) is a powerful technique to 

characterize the electrical behaviour of the semiconductor/electrolyte interface 

determined by a number of individual processes, most of them proceeding at 

different rates.
[4]

 This is a modulation technique where a small sinusoidal perturbation 

on the potential is applied to the system and the amplitude and phase shift of the 

resulting current response are measured. Moreover, the analysis of EIS spectrum 

provides information about the structure of the electrical double layer at the 

semiconductor/electrolyte interface and the charge transport processes occurring in 

the semiconductor and in the electrolyte.
[1, 3, 5-7]

 Despite being a relatively easy 

method to apply to the study of electrochemical systems, impedance spectra are 

sometimes difficult to be interpreted. The use of equivalent electrical analogues to fit 

the EIS experimental data is a very useful tool as it helps to identify and interpret 

some of the characteristic parameters of the system.  

In the present work a simple electrical analogue is developed for correlating the 

phenomena occurring in the semiconductor/electrolyte interface, as well as in the 

semiconductor bulk. The proposed electrical analogue was validated based on α-

Fe2O3 photoelectrodes prepared by spray pyrolysis. 
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3.2. EXPERIMENTAL 

Films of hematite were prepared as described elsewhere.
[8]

 Iron (III) 

acetylacetonate was sprayed to a tetraethoxysilicate (TEOS)-pretreated substrate of 

FTO (glass 30 mm × 12 mm; TEC 15, Hartford Glass Co.; 15 V/□). The spray setup 

consisted of an ultrasonic spray head (Lechler company, US130) set 30 cm over the 

substrates, which were placed on a hot plate heated at 550 ºC (corresponding to a 

measured substrate surface temperature of 400 ºC). An automatic syringe pump was 

used to deliver 1 mL of a solution containing 10 mM of Fe(acac)3 (99.9+, Aldrich) in 

EtOH (≥ 99.8 % Fluka) to the spray head, every 30 seconds at a rate of 12 mL∙min
-1

 

(spray length of 5 s). The carrier gas (compressed air) flow, directing the spray to the 

substrates, was set to 15 L∙min
-1

. Four different amounts of liquid sprayed were 

tested: 20, 15, 8 and 6.5 mL (sample A, B, C and D respectively). After the spray, the 

samples were annealed for 5 min at ca. 500 ºC before cooling to room temperature. 

3.2.1. PHOTOELECTROCHEMICAL CELL SETUP 

The photoelectrochemical cell configuration known as “cappuccino” was chosen to 

perform the electrochemical impedance analysis of the selected photoanodes.
[9]

 The 

cell was made of polyetheretherketone (Erta PEEK®) and had a 20 mm diameter 

uncoated fused silica window (Robson Scientific, England) pressed against an O-ring 

by a metallic window part. The cell was filled with an electrolyte aqueous solution of 

1.0 M NaOH, pH 13.6, at 25 ºC in which the hematite photoanode was immersed. The 

total immersed active surface area was approximately 2.5 cm
2
, 0.5 cm

2
 of which being 

illuminated through an external mask. A 99.9 % pure platinum wire (Alfa Aesar®, 

Germany) was used as counter-electrode. The electrochemical measurements were 

performed using a standard 3-electrode configuration. An Ag/AgCl/Sat KCl electrode 

(Metrohm, Switzerland) was used as reference electrode, the platinum wire as 

counter-electrode and the photoanode as working electrode.  
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I-V MEASUREMENTS 

The photocurrent-voltage (I-V) characteristic curves were obtained applying an 

external potential bias to the cell and measuring the generated photocurrent using a 

ZENNIUM workstation (Zahner Elektrik, Germany) controlled by Thales software 

package (Thales Z 1.0). The potential was reported against the reversible hydrogen 

electrode (RHE):  

AgCl AgClE E E
o

RHE 0.059 pH= + + , with o

AgClE 0.1976 V at 25 C= ° .                    (3.1) 

The measurements were performed in the dark and under simulated sunlight, AM 

1.5 G (150 W Xe lamp, 1000 W∙ m
-2

, 25 ºC) calibrated with a c-Si photodiode, at a scan 

rate of 10 mV∙s
-1

 between 0.9 VRHE and 1.8 VRHE. A standard 3-electrode configuration 

was used with 1 M NaOH (TitriPUR®, 25 ºC, pH 13.6) as electrolyte, Ag/AgCl sat. KCl as 

reference and a platinum wire as counter-electrode. 

EIS MEASUREMENTS 

EIS measurements were performed using a ZENNIUM workstation. The frequency 

range was 0.01 Hz – 100 kHz and the magnitude of the modulation signal was 10 mV. 

All the measurements were performed at room temperature at an applied potential 

range of 0.9 VRHE – 1.7 VRHE under dark conditions. The EIS spectra were fitted to the 

electrical analogue under study by means of the ZView® software. 

3.3. RESULTS AND DISCUSSION  

3.3.1. FILM THICKNESS  

UV-visible absorption data was used to estimate the thickness of the hematite 

samples. The absorbance spectra for all the selected photoanodes with different 

thicknesses are presented in Figure 3.1. They exhibit an absorption maximum around 

400 nm, followed by a gradual decrease in absorbance until 600 nm. This wavelength 

corresponds to 2.06 eV, within the range of hematite bandgaps usually reported (2.0-
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2.2 eV).
[2, 8]

 Since there is a similarity in the shape of the spectra of all samples, their 

thickness can be estimated assuming a Lambertian absorption behaviour:  

Aln(1 )− = − ⋅ℓα               (3.2) 

where A is the absorbance, α is the hematite absorbance coefficient taken as (44 

nm)
-1

 for a wavelength of 400 nm and ℓ  is the thickness of the hematite film in 

nanometers.
[10]

. The absorbance spectra for all samples are presented in Figure 3.1. 

The thickness values obtained for the ultrathin-film hematite electrodes are reported 

in Table 3.1. 
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Figure 3.1 - Absorption curves for the different samples; the absorbance was determined assuming a 

Lambertian relation. 

 

3.3.2. PHOTOCURRENT DENSITY-VOLTAGE CHARACTERISTICS 

The performance of hematite photoanodes with different thicknesses, obtained by 

sweeping current-potentiometry scans in 1 M NaOH electrolyte (pH 13.6) in the dark 

and under simulated solar illumination (AM 1.5 G, ~100 mW∙cm
-2

, 25 ºC), is shown in 

Figure 3.2. Performance details of the photoanode samples A to D are summarized in 

Table 3.1. Under illumination conditions (solid lines) it can be noticed that the 

thinnest hematite electrode (sample D) shows the lowest photoactivity. Moreover, by 
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increasing the thickness of the photoanode the rising onset potential, for which the 

photocurrent density gradually increases with the applied potential, starts at more 

cathodic potentials. This means that the photoactivity properties of the hematite are 

enhanced by either the reduction of the overpotential for water oxidation, a shift in 

the flat-band potential, or the reduction of Fermi level. On the other hand, under dark 

conditions (dashed lines) the water oxidation onset potential, i.e. when the current in 

the dark sharply increases, of sample D arises well before the water oxidation onset 

potential of the other samples, whereas the thicker sample shows an onset of the 

dark current at more anodic potentials. When light is applied the same behaviour is 

observed: the water oxidation onset potential also starts at lower potentials for the 

thinnest sample. This phenomenon observed for the thinnest sample may be due to 

the presence of a TCO in direct contact with electrolyte in the semiconductor layer – 

see Figure 3.2.  

Undoped hematite is a material with high electron-hole recombination rate and a 

low electronic mobility. Thus, the photoactive zone of this kind of photoelectrodes 

generally corresponds to the space charge layer.
[11]

 This means that photons absorbed 

deeper than this layer in the semiconductor film (bulk of the semiconductor) have 

very low probability to generate charges able to successfully reach the semiconductor 

surface and thus participate in photoreactions; actually the photogenerated holes will 

recombine with the electrons due to their short diffusion lengths.
[11]

 In order to 

reduce this recombination pathway, some authors suggested the use of very thin 

photoelectrodes.
[8, 12]

 Thus, the film thickness can be adjusted to be in the same order 

of magnitude as the depletion layer, restricting in that way the recombination 

phenomenon.
[12]

 In these cases the excitation process happens in the depletion layer 

region and so the photoexcited electrons will efficiently reach the external circuit. On 

the other hand, if the excitation process occurs in the semiconductor bulk, 

recombination between the excited electrons and the corresponding holes takes 

place, followed by heat release.
[13]

 Consequently, for hematite material at a given 

applied potential, the photocurrent increases with the thickness of the semiconductor 

until reaching the space charge thickness. For semiconductor thicknesses above this 
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critical value, the photocurrent is independent of the film thickness.
[11]

 The later 

explains why there are almost no differences in the maximum photocurrent values for 

samples A and B. Furthermore, for even thicker samples, an opposite effect 

responsible for a photocurrent drop may be observed: the increase of the thickness 

increases the electrical resistance in the semiconductor bulk.
[11]

  

The difference in the photocurrent generated by samples C and D is greater than 

the one observed for samples A and B, even though they were prepared having 

approximately the same thickness step increment: samples A and B differ by 4 nm in 

thickness and show a photocurrent difference of just 0.02 mA∙cm
-2

; on the other 

hand, from sample D to sample C, an increase of also 4 nm in thickness originated an 

increase in photocurrent of about 0.10 mA∙cm
-2

. This difference may be ascribed to 

factors like surface states and crystallinity, but also due to constraints imposed by the 

space charge layer thickness. Also, by increasing the sample’s thickness, the strain in 

the hematite lattice (originated from the FTO/hematite interface) is more released at 

the hematite/electrolyte interface implying a better charge conduction in the lattice 

and then less bulk recombination and a better surface arrangement, responsible for a 

lower surface recombination. On the other hand, the huge difference in the water 

oxidation dark current onset for sample D can be also attributed to a higher TCO area 

exposed to the electrolyte.
[8]
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Figure 3.2 - Photocurrent density-voltage characteristics of the prepared photoanode samples A to D in 

the dark (dashed lines) and under simulated 1 sun illumination (100 mW∙cm
-2

, solid curves). 

 

 

Table 3.1- Thicknesses and photocurrent-voltage performances of the ultra thin-film Fe2O3 photoanodes. 

Sample  

Fe2O3 

thickness [nm] 

0.2 nm±  

  

Water oxidation 

onset potential  

[VRHE] 
[a]

 

 Photocurrent density [mA·cm
-2

] 

      Dark Light  @ 1.23 VRHE
[b]

 @ 1.45 VRHE
[b]

 

A 28.6   1.80 1.00   0.26 0.42 

B 24.7  1.66 1.03  0.25 0.43 

C 14.5  1.68 1.06  0.18 0.42 

D 11.8   1.62 1.14   0.05 0.21 

[a] 
Defined as the potential where dJ/dV = 0.20 x 10 

-3
 mA∙cm

-2
∙V

-1
 (following the procedure described in 

ref. 
[8]

).  

[b]
 At 1 Sun AM 1.5G (100 mW∙cm

-2
) in 1 M NaOH.  
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3.3.3. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY MEASUREMENTS  

The electrochemical impedance measurements were performed using a 3-electrode 

configuration. This configuration enables the detailed study of the electrochemical 

behaviour of the photoanode/electrolyte interface since the potential is measured 

with respect to a fixed reference potential, short-circuited with the counter-electrode. 

A negligible current is drawn through the reference electrode since very high 

impedance is observed in the device used to measure the potential difference 

between the working and reference electrodes; thus any change in the applied 

potential is reflected only in the working electrode.
[7, 14]

 Typically EIS data is analysed 

by means of equivalent electrical circuit models. Specifically in electrochemical 

systems such as PEC cells, fitting the experimental data to specific arrangements of 

electrical elements provides relevant information concerning charge transport, charge 

trapping and charge transfer at the interface of the photoelectrode/electrolyte. 

Nevertheless, the different preparation methods and the continuous progress in 

nanostructured photoelectrodes brought additional difficulties to a clear 

understanding of the charge transfer phenomena in the semiconductor/electrolyte 

interface.
[15]

 This interface was first rationalized in 1970 by Gerischer.
[16]

 When a n-

type semiconductor comes into contact with an electrolyte containing a redox couple, 

a space charge layer arises in the semiconductor adjacent to the interface with the 

electrolyte due to the equilibration of the chemical potential – Figure 3.3.
[17]

 For the 

present study, ultrathin hematite samples prepared by spray pyrolysis method were 

used. This deposition method of ɑ-Fe2O3 from a solution of iron (III) acetylacetonate 

allowed obtaining uniform thin layers over large areas.
[8]
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Figure 3.3 - Energy diagram for an n-type semiconductor in charge-transfer equilibrium with the 

electrolyte. 

 

Significant advances in applying EIS technique to hematite photoelectrodes have 

been made; for instance, alternative models explaining the two features observed in 

the EIS spectra can be found in the literature.
[1, 3, 5, 18-21]

 Three different approaches for 

electrical analogues applied to PEC systems have been proposed
[15]

: i) the classic 

Mott-Schoktty relation, which relies on a simple RC circuit to describe the Helmholtz 

capacity constant fitted to the high frequencies range of the impedance spectra; ii) a 

more sophisticated circuit model that takes into account the trap states (i.e. surface 

states at low bias potential, bulk states far from the flat band); and finally iii) a model 

that considers a non-negligible Helmholtz capacitance due to the presence of a high 

surface area (nanostructure) or surface states. More recently, Bisquert et al. proposed 

an equivalent circuit which highlights the central role of surface states acting as 

recombination centres, trapping electrons from the conduction band and holes from 

the valence band under light conditions.
[21]

 One the other hand, under dark conditions 

the same authors considers a more simplified equivalent circuit – a Randles electrical 

circuit. They argue that since only one semi-circle is observed, then the space charge 

(CSC) and Helmholtz (CH) capacitances should be fitted as a single CBulk capacitance.
[21]
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Even though only one semi-circle is observed for the system under study at given 

applied potentials, it is noticed that a Randles circuit does not fit the impedance 

spectra in all the frequency range. Thus, the electrical analogue sketched in Figure 3.4 

is proposed for a thin layer semiconductor operating under dark conditions. Although 

this model does not give a phenomenological understanding about the charge 

transfer processes, it allows the quantification and identification of the resistive and 

capacitive elements that are related to the phenomena occurring in the 

semiconductor bulk and in the semiconductor/electrolyte interface. In this model the 

element Rseries is the series resistance, which includes the TCO resistance, the 

resistance related to the ionic conductivity in the electrolyte and the external contacts 

resistance (e.g. wire connections). The semiconductor/electrolyte interface can be 

modelled as a double capacitor, since the equilibrium process gives rise to a space 

charge layer - depletion layer - in the semiconductor side and to an electrical double 

layer of opposite sign in the electrolyte phase boundary - Helmholtz layer (Figure 3.3). 

The capacitance of the space charge region, CSC, and the Helmholtz capacitance, CH, 

can be of the same order of magnitude and none should be neglected when fitting 

the EIS data.
[20]

 The proposed electrical analogue comprises two RC elements in series 

representing the semiconductor bulk and the surface phenomena – Figure 3.4.
[22]

 

According to this, and bearing in mind that the electronic processes in the bulk are 

generally faster than the charge transfer processes or diffusion of ions in solution, the 

low-frequency response was assigned to the semiconductor/electrolyte charge 

transfer resistance, RCT, together with CH.
[15, 22]

  Thus, the fast electronic processes, 

high-frequency range (100 Hz to 1 kHz), are assigned to the events occurring in the 

semiconductor bulk, which are described by the resistance, RSC, and the space charge 

capacitance, CSC. In fact, this RC element is the combination of different resistances 

and capacitances related to the transport in the semiconductor layer, the charge 

diffusion in the space charge layer and surface trap charging by electrons and holes, 

which have similar time constants, independent of the applied potentials.   
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Figure 3.4 - Energy diagram of semiconductor/electrolyte interface with the corresponding electrical 

circuit analogue. 

 

In cells formed by nanostructured semiconductors, capacitors do not behave 

ideally. Instead they are often found to act like constant phase elements (CPE), non-

ideal capacitances associated with a non-uniform distribution of current in the 

heterogeneous materials. The impedance of a CPE is defined as:  

1
CPE n

Z =
jωC

                                                     (3.3) 

where n (0 < n < 1) is an empirical constant. This parameter was kept between 0.7 and 

1. 
[7, 23]

  

The impedance measurements of the four different samples under study were 

carried out, under dark conditions, in the potential range of 0.9 VRHE to 1.7 VRHE, with a 

step of 50 mV. The Nyquist spectra for three different applied potentials for each 

sample are shown in Figure A1. For all samples, the overall impedance response 

decreases with the applied potential. For 1.7 VRHE the resistances are very low since at 

this potential the photoelectrochemical system behaves like a simple electrolyzer and 

thus the current is generated by the potential difference supplied by the 

electrochemical workstation. The good agreement between experimental and fitted 

data indicates that the proposed electrical analogue is adequate -Figure 3.5 . 
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Figure 3.5 - Nyquist spectra for samples A – D at 1.2 VRHE, 1.4 VRHE and 1.7 VRHE. Dots represent the 

experimental data (  - 1.2 VRHE,  - 1.4 VRHE,  - 1.7 VRHE); lines represent the fitted model given in 

Figure 3.4.  

 

Fitting the electrical circuit analogue to the experimental EIS data, parameters RSC, 

RCT, CSC and CH were obtained. These parameters are plotted in Figure 3.6a) –d) as a 

function of the applied potential. Figure 3.6a) plots the high frequency resistance RSC 

related to the electron transport in the bulk and in the space charge of the 

photoanode as a function of the applied potential. Increasing the thickness of the 

semiconductor, higher electron transport resistances are achieved. Between 0.9 and 

1.4 VRHE the electron transport resistance RSC is almost independent of the bias 

voltage applied for all thicknesses considered; this is in straight agreement with the J-

V characteristics under dark conditions (Figure 3.2), which show almost no net current 

flow until reaching 1.4 VRHE. In fact, when the applied potential is further increased 

(for values higher than 1.4 VRHE) the semiconductor Fermi level becomes closer to the 

valence band than to the conduction band near the semiconductor surface; thus an 
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inversion layer is formed. Near the surface, the n-type semiconductor has a p-type 

behaviour (the holes locally become the majority charge carrier). When the Fermi 

level crosses the valence band edge due to the high applied potential, the formation 

of a deep depletion layer is then observed and the holes can react with the hydroxyl 

ions in the solution.
[11]

 At approximately 1.6 VRHE, Figure 3.6a) starts exhibiting a 

steeply decrease in the bulk resistance, RSC. This potential coincides with the onset of 

the water oxidation dark current, enabling efficient hole reaction with the oxidized 

species in the electrolyte solution. For sample D, the thinnest photoanode, this 

steeply decrease of the bulk semiconductor resistance takes place earlier, suggesting 

that the TCO on sample D is not fully covered with Fe2O3 material as discussed 

elsewhere.
[8]
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Figure 3.6 - Impedance results obtained by fitting the experimental data to the equivalent electrical 

circuit shown in Figure 3.4 plotted versus the applied potential with reference to RHE: a) Bulk 

semiconductor resistances; b) Charge transfer resistance; c) Space charge capacity; d) Helmholtz 

capacity. 

Figure 3.6 
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Figure 3.6b) shows the charge transfer resistances (RCT) in the 

semiconductor/electrolyte interface ascribed to the low frequencies range in Nyquist 

diagrams for the four samples. RCT values are larger than the bulk resistances RSC 

(Figure 3.6b) for the entire voltage range, i.e. RCT ≥ 10
6
 between 0.9 VRHE and 1.4 VRHE. 

In addition, it is visible in Figure 3.6b) that the charge transfer resistance in the 

semiconductor/electrolyte interface for the three thicker samples (samples A, B and 

C) is almost independent of the thickness. This behaviour is in agreement with the 

similar characteristic curves exhibited by these samples – Figure 3.2. Moreover, RCT 

values remain constant up to 1.6 VRHE, value at which the resistances start to 

decrease. The thinnest sample (sample D) also follows this behaviour but exhibits a 

charge transfer resistance in the interface one order of magnitude higher. This may 

indicate the existence of a photoinactive “dead” layer in the interface 

TCO/semiconductor or possible due to a bad surface arrangement at the 

Fe2O3/electrolyte interface.
[24]

 The differences observed on the photoanode D 

performance can also be related to its lower crystallinity and higher trap states 

concentration, but those contributions would be more evident under a light 

impedance spectroscopy measurement.
[8, 24]

 Nevertheless, other two causes may 

explain this low performance: i) the TCO layer can be in contact with the electrolyte 

solution due to a non-uniform hematite deposition, which is responsible for the 

earlier water oxidation onset potential; or ii) the depletion layer thickness is limited 

by the semiconductor film thickness, ca. of 11 nm. Thus, the depletion layer width of 

sample D is thinner than the depletion layer of the other samples and of the same 

order of magnitude of the whole film thickness. This means that the total potential 

drop in the film is smaller restricting the efficiency of charges separation.  

As mentioned before, when a semiconductor electrode is brought into contact with 

an electrolyte solution, the two phases evolve to reach the electrochemical 

equilibrium.
[17, 25, 26]

 If the redox potential of the solution and the Fermi level of the 

semiconductor do not lie at the same potential energy, a movement of charges 

between the semiconductor and the solution is required in order to equilibrate the 

two phases.
[26]

 The excess of charges positioned on the semiconductor side is not 
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located at its surface, as it would be in the case of a metallic electrode, but instead it 

extends in the electrode for a deeper distance – space charge layer. Since the majority 

charge carriers of the semiconductor are removed from this region, it may also be 

referred to as a depletion region.
[27]

 This layer, depleted of majority carriers, is 

compensated by a charge layer of opposite sign that is induced in the electrolyte side, 

the so called Helmholtz layer - formed by oriented water molecules dipoles and 

electrolyte ions adsorbed at the electrode surface.
[25, 26]

 Thus, two capacitances can be 

distinguished, namely, the space charge capacitance, CSC, and the Helmholtz 

capacitance, CH, representing the phenomena occurring at the interface 

semiconductor/electrolyte.
[28]

  

Figure 3.6c) and d) plots CSC and CH, respectively, as a function of the applied bias. 

The space charge capacitance (CSC) increases as the film thickness decreases, with the 

exception of Sample A, which presents the same CSC value as Sample B – Figure 3.6c). 

Moreover, CSC is almost independent of the applied potential up to 1.4 VRHE. For 

higher applied potentials, the water oxidation onset potential is achieved and the 

minority carriers in the depletion layer react with the ions in the electrolyte, 

consequently the capacitance decreases. The later effect is more visible with samples 

C and B. For samples A and B a slightly decrease on CSC values is noticed at all applied 

potentials, this effect may be due to the increase of the depletion layer width.
[22]

 

In what concerns the Helmholtz capacitance CH – Figure 3.6d) - a different 

behaviour is observed. The Helmholtz double layer width is generally smaller than the 

width of the depletion layer
[17]

 and, consequently, the capacitance associated to the 

Helmholtz layer is normally higher.
[26]

 Indeed, in the present study this is only true, i.e. 

CH > CSC, for the two thicker samples (sample A and B). The later behaviour is not 

observed with the two thinner samples, probably because the depletion layer 

thickness of the thinnest samples is somehow limited by the semiconductor thickness. 

Even though the space charge capacitance related to very thin films is not yet fully 

understood, one possible reason for this behaviour may be related to the way that 

charges are distributed within the space charger layer in thicker photoanodes.
[22]

 As 

mentioned, the capacitance values of CH remain almost constant up to 1.4 VRHE when 



EVALUATION OF THE FILM THICKNESS ROLE BY IMPEDANCE SPECTROSCOPY 

 

94 

the water oxidation onset potential is reached. For higher applied voltages, the 

capacitance values related to the Helmholtz layer slightly increase due to the 

movement of the majority carriers leaving this layer. 

Further insights can be obtained through Mott-Schottky analysis – Equation (3.4). 

( ) kT
V V

C ε ε qN A q
E FB2 2

SC 0 r D

1 2  = − − 
 

                       (3.4) 

where, εr
 is dielectric constant of the semiconductor (assumed 80 for undoped 

hematite)
[29]

, ε0
 is the permittivity of space, k is the Boltzmann’s constant, T the 

absolute temperature, q is the elementary charge, ND is the donor density and VE and 

VFB are the applied voltage and the flat band potentials, respectively. By plotting 2

SC
1 C  

as a function of the applied bias potential, a straight line should be obtained; the 

donor density, ND, can then be determined from the slope of this line, while the flat 

band potential, VFB, value can be obtained by extrapolating the interception of the 

straight line with the axis of the applied potential – Equation (3.4). However, for using 

the Mott-Schottky model two main assumptions must be guaranteed: i) the two 

capacitances, in the space charge region and in the double layer, can only be 

considered together if the space charge capacitance is much smaller than the double 

layer capacitance (2-3 orders of magnitude) and, consequently, the contribution of 

the double layer capacitance to the total capacitance would be negligible; and ii) the 

Mott-Schottky model is adequate provided the frequency is high enough.
[13]

 Having in 

mind these assumptions, it is visible that the thinnest samples, C and D, do not fulfil 

all the requirements, mainly the point i): CH > CSC, indicating that other factors may be 

interfering on the EIS response; when trying to plot 1/ 2
SCC , the obtained results are 

horizontal lines (zero slope) –Figure 3.7. Two different processes can be responsible 

for this behaviour: i) the semiconductor thickness is limiting the space charge 

capacitance, or/and ii) TCO exposition to the electrolyte, which imposes a new 

capacitive element that can be observed under dark conditions.
[30]

  

The Mott-Schottky model was then applied to the two thicker samples under study, 

A and B, for the applied potentials range between 0.7 and 1.4 VRHE, which corresponds 
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to a linear behaviour – Figure 3.7. The calculated values of donor density regarding 

the two thicker samples are in line with the ones reported in literature for doped 

hematite structures - ND ~ 10
20

 cm
-3

. 
[29, 31, 32]

 Even though, undoped structures are 

being analysed, these values still may be acceptable bearing in mind that the pre-

treatment with TEOS before spraying the thin Fe2O3 layer is in some way acting as a 

doping agent, increasing the donor density values. Moreover, applying the Mott-

Schottky model to a sample with 28.5 nm-tick, the obtained value of donor density 

was ~ 10
18

 cm
-3

, confirming that are the TEOS pre-treated substrates that confers to 

the ultra-thin hematite samples slightly doped characteristics. The obtained flat band 

potentials for samples A and B are 0.44 VRHE and 0.43 VRHE, respectively.   
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Figure 3.7 - Mott–Schottky plots calculated from CSC values determined from fitting the impedance 

spectra for all range of applied bias potential. The inset table shows the obtained values for donor 

density and flat band potential determined from the slop of C 2
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The samples behaviour suggests that the best thickness for this type of electrodes is 

somewhere limited around the 20 nm.
[33]

 For lower thicknesses, the space charge 
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layer width, and consequently the photo-response, is limited by the semiconductor 

thickness and thus the photocurrent generated is lower.  

Indeed, correlating the samples thickness differences with their electrochemical 

impedance spectroscopy response, it was possible to discriminate the two main 

phenomena occurring on semiconductor/electrolyte interfaces of 

photoelectrochemical systems under dark conditions: the space charge layer in the 

semiconductor side - depletion layer; and the electrical double layer of opposite sign 

in the electrolyte phase - Helmholtz layer. These observations are of great interest 

since the majority of electrical analogues suggested for these systems consider those 

layers together. This is only true under light conditions since it is not possible to 

individualize both responses in the EIS spectrum. 

Figure 3.8 plots the normalized values of resistance and capacitance for an applied 

potential of 1.25 VRHE as a function of the semiconductor layer thickness. In terms of 

resistances, sample C shows the best value when compared with the other three 

samples. Again, in terms of capacitances values they are somehow inconclusive since 

CH is lower than CSC for sample C and D.  
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Figure 3.8 - Comparison between the normalized resistance and capacitance values obtained for the four 

different samples under study at 1.25 VRHE applied voltage. Symbols A , B , C and D  represents 

sample A, B, C and D, respectively.  
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As mentioned, the fact of CH being lower than CSC may indicate the existence of TCO 

exposed to the electrolyte and consequently, other capacitive elements can appear. 

In fact, SEM analysis and the corresponding energy-dispersive X-ray spectroscopy 

(EDS) were performed to prove the presence of these uncovered zones in the sample 

with smaller thickness. In Figure 3.9a) two areas with different colorations are clearly 

identified: a lighter zone marked as Z1 and a darker zone marked as Z2. These zones 

were subjected to a more detailed analysis by EDS, which shows that Z1 zone has a 

lower quantity of iron when compared with the darker area Z2 – Figure 3.9b). This 

undoubtedly indicates the absence of hematite material in Z1 zone, thus implicating 

TCO exposure. These analyses were performed for the other samples under study - A, 

B and D; however, a large exposed area of TCO was only identified in sample D.  

 

  

Figure 3.9 - a) SEM analysis of the exposed TCO on sample D (10.6 nm) and b) the respective EDS analysis 

related to the two marked zones, Z1 and Z2.  
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3.4. CONCLUSIONS 

The present work studies the electrochemical behaviour of four samples with 

different thicknesses under dark conditions by electrochemical impedance 

spectroscopy. The impedance spectra obtained were fitted to a simple electrical 

analogue describing the phenomena occurring in the semiconductor/electrolyte 

interface as well as in the semiconductor bulk/depletion layer was proposed and 

discussed. For validation purposes of the electrical analogue, four samples of α-

hematite prepared by spray pyrolysis with different thicknesses (11.8, 14.5, 24.7 and 

28.6 nm) were used. All α-hematite photoanodes showed significant electron 

transport limitations, producing lower photocurrent densities than the ones reported 

in literature; the best performing sample - sample A - showed an onset potential at 

1.09 VRHE and a photocurrent plateau of about 0.4 mA∙cm
-2 

at an applied bias of 1.45 

VRHE. The proposed electrical analogue considers a series resistance with two RC 

circuits also in series: RSC and CSC, which characterize the semiconductor 

bulk/depletion layer resistance and the space charge capacitance, respectively; RCT 

and CH, represent the charge transfer at semiconductor/electrolyte interface and the 

Helmholtz capacitance, respectively. The electrochemical impedance spectroscopy 

analysis showed relevant information about the major internal charge transfer 

resistances, as well as the main charge accumulation zones in the photoelectrodes 

and in the semiconductor/electrolyte interface, under dark conditions. Moreover, 

with the EIS data was possible to identify and individualize the two different layers, 

responding at different frequencies, by using photoelectrodes with different 

thicknesses. Even though the thicker photoelectrodes showed higher semiconductor 

resistances, they exhibited lower charge transfer resistances values in the interface 

with the electrolyte, resulting in better performances; this effect may be explained by 

higher electrical fields exhibited by the thicker samples (lower CSC). The space charge 

and charge transfer resistances obtained by EIS technique provide relevant 

information to determine the optimal sample thickness. Moreover, for the two 

thinnest samples, it was observed that the space charge layer width and consequently 

the photo-response were limited by the semiconductor thickness. Additionally, it was 
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also identified areas of TCO not coated with hematite and contacting directly with the 

electrolyte. This direct contact affected the EIS response and originated deviations to 

the proposed electrical analogue.  

Nevertheless, the proposed electrical analogue addresses quite well the EIS spectra 

and a very good agreement were observed between fitted and experimental data. 

While this model fits well to α-hematite photoelectrodes prepared by spray pyrolysis 

under dark conditions, it has yet to be verified its applicability to doped structures. 

The presence of two difference zones is shown through the use of two RC circuit 

elements under dark conditions. However, when illuminated other contributions may 

arise being necessary to apply other elements to the analogue circuit to fully 

characterize the PEC system.  
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NOMENCLATURE  

Variables  Definition Unit 

CSC - Space Charge Capacitance F 

CH - Helmholtz Capacitance F 

EF - Semiconductor Fermi Level potential   V 

J - Photocurrent density  A ∙ m
-2

 

q - Elementary charge, 1.60217646 × 10
-19 

 C 

RCT - Charge Transfer Resistance Ω 

RS - Series Resistance Ω 

RSC - Semiconductor bulk resistance  Ω 

T - Temperature K 

VFB - Flat Band Potential V 

Z’’ - Imaginary Part of impedance  Ω 

Z’ - Real Part of impedance  Ω 

    

Greek symbols  Definition  

φ  -  Phase angle  ˚ 

0ε  - Permittivity of free space, 8.85419 × 10
-12

 F m
-1

 

p
ε  - Semiconductor film porosity  

λ  - Wavelength m 

ω   - Radial frequency  Rad∙ s
-1

 

    

Superscripts  Definition  

˚ - Standard  

    

Abbreviations  Definition  

AM - Air mass  

CB - Conduction Band  

EIS - Electrochemical impedance spectroscopy  

PEC - Photoelectrochemical  
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REF - Reference electrode  

RHE - Reversible Hydrogen Electrode  

SC - Semiconductor  

VB - Valence Band  

TCO - Transparent conductor oxide  

WE - Working electrode  
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ABSTRACT 

A photoelectrochemical (PEC) device capable of splitting water into storable 

hydrogen fuel by the direct use of solar energy is becoming a very attractive 

technology since it is clean and sustainable. Indeed, real field experiments are being 

developed in order to assess technological issues for large-scale usage under outdoor 

conditions. Following the need for developing photoelectrochemical devices with an 

optimized design that allows reaching a commercial performance level, the present 

work describes an innovative PEC cell for testing different photoelectrodes 

configurations, suitable for continuous operation and where evolved gases are easily 

collected. Moreover, a porous Teflon
®
 diaphragm useable for a wide range of aqueous 

electrolyte solutions is presented and tested. Two semiconductors were investigated: 

tungsten trioxide and undoped hematite. The WO3 photoelectrodes were deposited 

in two different substrates: i) anodized WO3 photoelectrodes on a metal substrate 

and ii) WO3 deposited by blade spreading method on a TCO glass substrate. The 

undoped-Fe2O3 photoanode was deposited by ultrasonic spray pyrolysis technique in 

a TCO glass substrate. The material deposited on glass substrates allows to obtain 
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transparent photoelectrodes. Photocurrent-voltage characteristics were obtained for 

all samples characterized under three different conditions: i) no membrane 

separating the anode and the cathode evolution; ii) using a Teflon
®
 diaphragm and iii) 

using a Nafion
®
 212 membrane. The transparent samples (photoanodes deposited on 

glass substrates) produced the highest values of photocurrent when the Teflon
®
 

diaphragm was used. This photocurrent enhancement was assigned to the high 

reflectance showed by the diaphragm, which reflects back a significant fraction of the 

transmitted solar radiation.  

  

Keywords 

Photoelectrochemical Cell, Photoelectrolysis, Diaphragm, Solar Hydrogen, 

Electrochemical Impedance Spectroscopy 
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4.1. INTRODUCTION  

As mentioned in Chapter 1, a PEC cell device has to comply with several 

requirements for lab applications: a) photoelectrodes configuration, b) light 

penetration through the cell to reach the photoelectrodes, c) resistant to corrosive 

electrolytes, d) need of continuously electrolyte feeding and e) need of a membrane 

to maintain the evolved gases separated. Bearing in mind all these requirements the 

present work proposed a new PEC cell design.
[1]

 This new and versatile PEC cell 

reactor has the possibility of directly collect the evolved gases, with an innovative 

feeding system and a cheap and adaptable membrane.  

4.2. THE NEW PEC CELL  

The more common PEC cell design is the conventional electrochemical cell used for 

corrosion studies, with an optically transparent window, as reported by Chen et al. in 

2010.
[2]

 It consists of a reservoir that holds the electrolyte solution wherein the two 

electrodes are immersed: the anode and the cathode, where one or both electrodes 

must be photoactive – Figure 1.9. This electrolyte container should be transparent or, 

at least, should have a transparent window so that the light can reach the photoactive 

electrode, triggering the correspondent electrochemical reactions responsible for 

water splitting into hydrogen and oxygen.
[3]

 The cell should be connected to an 

external bias source whenever the energetic requirements of the photoelectrode(s) 

alone are not enough to promote water splitting. However, a PEC cell reactor should 

allow a continuous feed of electrolyte, a separate evolution of hydrogen and oxygen, 

besides having a great flexibility for hosting the electrodes. The new PEC cell depicted 

in Figure 4.1 presents all the above mentioned features and in particular it is prepared 

to host photoelectrodes up to 10 × 10 cm
2
. These dimensions and versatile 

configurations foster the scaling-up of PEC technology and allow a better 

understanding of the behavior of these devices under real outdoor applications. 
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Figure 4.1 - 10 × 10 cm

2
 photoelectrochemical cell: a) disassembled, b) under operating conditions and c) 

detail of the innovative feeding system. 1 – Transparent acrylic cap (gas collection chamber); 2 – Teflon 

membrane; 3- transparent acrylic cap (electrodes contacts); 4 – photoelectrode; 5 – Diaphragm to 

separate both electrodes; 6 - Pt-counter electrode; 7 – black acrylic for light blocking; 8 – transparent 

window; 9 – transparent PEC cell body; 10 - removable metallic window; 11- electrolyte inlet; 12 – 

electrolyte outlet.    

 

The cell has two removable metallic windows (front and back – Figure 4.1b10) 

screwed to a transparent acrylic part (Figure 4.1a9) crossing a synthetic quartz 

window (Robson Scientific, England - Figure 4.1a8), which is pressed against an o-ring 

by means of twelve screws. Then, a black acrylic mask is placed next to the metallic 

windows, allowing an illumination area of 10 × 10 cm
2
 - Figure 4.1a7). After 

assembling the metallic and the black acrylic parts to the transparent acrylic cell body, 

the cell is prepared to be filled with the appropriate electrolyte solution, where both 

electrodes will be immersed. This PEC cell permits back and front illumination and 

allows to place a membrane between the electrodes to prevent gas mixture 

(hydrogen and oxygen) - Figure 4.1a5). This separator can be a commercial Nafion® 

membrane that allows just protons to permeate in an acid media or a stretched 

porous hydrophobic Teflon® membrane (diaphragm), which exhibits a high porosity of 

micrometer size pores that prevent hydrogen and oxygen bubbles to permeate. The 

cell is sealed with two transparent acrylic caps screwed on the top of the cell - Figure 

4.1a1 and a3). Between these two caps is placed a membrane that prevents liquid 

passage to the gas-collecting chamber - Figure 4.1a2). This membrane made of 

Teflon
®
 allows the gases to easily permeate but prevents aqueous electrolytes to cross 
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due to its high hydrophobicity. The sealed cell allows the electrolyte to be 

continuously fed to both chambers without fearing leakage. 

The optically transparent windows are very important to allow PEC cells to work 

properly; for instance, a normal soda lime glass cuts off the transmittance for 

wavelengths lower than 350 nm, while a quartz window have normally a 

transmittance higher than 90 % from 250 nm.
[1]

 Nevertheless, cheaper materials can 

be used with similar performances, such as: fused silica (amorphous silica) – visible 

light transmittance higher than 90 % and excellent stability in both acid and alkaline 

aqueous solutions; or Pyrex - which has similar transmittance and high stability 

towards acid solutions.
[2, 4]

 Additionally, windows of polycarbonate and acrylic can 

also be used, showing visible light transmittances of 89 % and 92 %, respectively. 

Nevertheless, these materials easily scratch during handling and so they should be 

changed more often. 

To simulate a real PEC cell application, a 2-electrode configuration is preferable; 

however, to measure the PEC cell efficiency in a laboratory setup normally a 3-

electrode configuration is used, being the third electrode the reference one. Thus, to 

determine the photoelectrode performance in a 3-electrode configuration in the 

above presented cell the second acrylic cap, as well as the Teflon® membrane on top 

of the cell, have to be removed. The reference electrode is then immersed and 

connected to the potentiostat. 

It is well known that there are only few photoelectrodes schemes allowing the 

water splitting reaction without bias; as so, these devices usually integrate more 

complex configurations and so the versatility of the PEC reactor is again crucial. In 

fact, the disclosed PEC cell fulfills these special demands by including the following 

properties: i) ability to receive light from both sides, since it has two transparent 

windows; ii) allows using a membrane to separate the evolved gases (H2 and O2); iii) 

does not require a complex and expensive feeding system; iv) the stacked bubbles in 

the photoelectrodes are easily removed by the electrolyte movement within the PEC 

cell originated by the feeding system; v) the electrolyte temperature can be easily 

controlled; vi) the gases are easily collected without liquid contaminations and/or 
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gases recombination. Moreover, when an opaque Teflon
®
 diaphragm is used to 

prevent gases mixture, a mirror can be then used to redirect the light to directly strike 

the back photoelectrode – Figure 4.2.  

 

 
Figure 4.2 - 10 × 10 cm

2
 photoelectrochemical cell with a mirror system to redirect the light beam. 

 

4.3. MATERIALS AND METHODS 

4.3.1. WO3 PHOTOELECTRODE ON METAL SUBSTRATE 

The WO3 photoelectrode on metal substrate was prepared by the anodization 

method at Institute ENI Donegani (Novara, Italy), as described elsewhere.
[5]

 The 

tungsten foil, prior to anodization, was carefully cleaned with acetone and ethanol 

and sonicated in an Alconox/water solution to remove surface contaminants and oily 

or greasy impurities. Then, the WO3 photoanodes were prepared by applying a 

potential difference of 40 V (Aim-TTi EX752M DC power supply) across the two 

tungsten foils, which were kept at a distance of about 3 mm. To avoid electrode 

corrosion, care was taken to reach the final 40 V in about 1 min. This way, a 

passivating compact oxide was formed during the initial stages of anodization. The 

total duration of anodization was 5 h in a thermostatic bath at 40 ºC.
[5]
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4.3.2. WO3 PHOTOELECTRODE ON TCO GLASS SUBSTRATE 

The TCO glass substrate WO3 photoelectrode was prepared by the blade-spreading 

method at Institute ENI-Donegani (Novara/Italy).
[6]

 The procedure named Synt-1 was 

employed to fabricate these photoelectrodes, as described elsewhere
[6]

. Briefly, 

tungstic acid was obtained by passing 5 mL of an aqueous Na2WO4 solution (10% w/w, 

Carlo–Erba) through a proton exchange resin (Amberlite IR120H) and the eluted 

solution was collected in 5 mL of ethanol to slow down the tungstic acid 

condensation. To the resulting colloidal dispersion, 0.5 g of organic dispersing agent 

was added and stirred until complete dissolution. WO3 photoelectrodes were 

obtained by blade-spreading the resulting H2WO4 colloidal precursor on FTO 

(fluorinated tin oxide, TEC 8, 8 Ω·sq
-1

) substrates. The resulting films were annealed at 

550 ºC in air for 2 h.
[6]

 

4.3.3. FE2O3 PHOTOELECTRODE ON TCO GLASS SUBSTRATE 

The hematite films were prepared at LPI - EPFL laboratories (Lausanne, 

Switzerland), as described elsewhere.
[7]

 Iron (III) acetylacetonate was sprayed to a 

tetraethoxysilicate (TEOS)-pretreated substrate of FTO (glass 30 mm × 12 mm; TEC 15, 

Hartford Glass Co.; 15 V/□). The spray setup consisted of an ultrasonic spray head 

(Lechler company, US130) set 30 cm over the substrates, which were placed on a hot 

plate heated at 550 ºC (corresponding to a measured substrate surface temperature 

of 400 ºC). An automatic syringe pump was used to deliver 1 mL of a solution 

containing 10 mM of Fe(acac)3 (99.9+, Aldrich) in EtOH (≥ 99.8 % Fluka) to the spray 

head, every 30 seconds at a rate of 12 mL·min
-1

 (spray length of 5 s). The carrier gas 

(compressed air) flow, directing the spray to the substrates, was set to 15 L·min
-1

. 

4.3.4. J-V MEASUREMENTS 

The photocurrent-voltage (J-V) characteristic curves were obtained applying an 

external potential bias to the cell and measuring the generated photocurrent using an 

Autolab/PGSTAT302N workstation controlled by Nova software package (Nova 

version 1.10). The electrochemical measurements were performed in both 2- and 3- 
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electrode configurations. In a 2-electrode configuration, the working electrode and 

the counter-electrode are each connected to the workstation. Meanwhile, if a 3-

electrode measurement is considered, an Ag/AgCl sat. KCl is additionally used as 

reference electrode. For both cases, the potential is reported against the reversible 

hydrogen electrode (RHE). The measurements were performed in the dark and under 

simulated sunlight, AM 1.5 G (1000 W Xe lamp, 1000 W m
-2

, 25 ºC) calibrated with a c-

Si photodiode, at a scan rate of 10 mV s
-1

. The J-V characterization parameters are 

presented in detail in Table 4.1.  

4.3.5. EIS MEASUREMENTS 

EIS measurements were performed using an Autolab/PGSTAT302N workstation. The 

frequency range was 0.01 Hz – 100 kHz and the magnitude of the modulation signal 

was 10 mV. The EIS measurements were performed according to Table 4.1. The EIS 

spectra obtained for the last sample (Fe2O3-Glass) were then fitted to an electrical 

analogue using ZView® software. 

 

Table 4.1 - Summary of the characterization parameters. 

Samples 
Preparation 

Method 

Area  

cm
2
 

Electrolyte Configuration 

J-V EIS 

Applied 

Potential 

Applied 

Potential 

VRHE VRHE 

Metallic WO3 

Sample 

(WO3-Metal) 

Anodization 49 

3 M 

Methanesulfonic 

 acid (MSA) 

2-electrode 0.0 - 2.5 1.00, 

1.25 and 

1.45 3-electrode 0.25- 2.5 

Glass WO3 

Sample 

(WO3-Glass) 

Blade 

Spreading 
49 

3 M 

Methanesulfonic 

 acid (MSA) 

2-electrode 0.0 - 2.5 

1.25 

3-electrode 0.25 -2.5 

Glass Undoped-

Fe2O3 

(Fe2O3-Glass) 

Ultrasonic 

Spray 

Pyrolysis 

(USP) 

51 1 M KOH 

2-electrode 0.9 -1.8 

1.0 -1.8  

3-electrode 0.9 -1.8 
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4.4. RESULTS AND DISCUSSION  

The present work aims at studying the new PEC cell arrangement for producing 

hydrogen from water, powered by solar energy. As mentioned, this new cell has an 

innovative feeding system, which allows continuous work without disruptions for 

electrolyte replacement. On the other hand, a diaphragm separates the anode from 

the cathode chambers, preventing the mixture of evolved hydrogen and oxygen 

bubbles. Two semiconductor materials were investigated with this innovative PEC cell 

design: tungsten trioxide (WO3) and undoped hematite (Fe2O3). The WO3 

photoelectrodes were deposited in two types of substrates by two different 

techniques: i) anodized WO3 photoelectrodes on a metal substrate and ii) WO3 

deposited by blade spreading method on a TCO glass substrate. The undoped-Fe2O3 

photoanode was deposited by ultrasonic spray pyrolysis technique (USP). For all 

photoelectrodes the characteristic J-V curves and the electrochemical impedance 

spectroscopy spectra were obtained.  

Normally, WO3 photoelectrodes are more stable under acid electrolyte solutions; 

thus, Nafion
®
 membranes can be used to separate both electrodes since protons are 

the mobile charge carriers. On the other hand, hematite works better in alkaline 

aqueous solutions, where Nafion
®
 membranes cannot be used since the mobile 

charge carriers are hydroxyl ions. The use of a porous membrane such as Teflon
®
 is an 

alternative. This membrane is usually known as diaphragm and prevents the hydrogen 

and oxygen bubbles to cross from one chamber to the other; the presence of 

hydrogen in the anode causes overpotential and the same is valid for oxygen that 

reaches the cathode. Besides, oxygen presence is very undesirable in the product 

hydrogen stream. Porous diaphragm should display a very low resistance to the ion 

transport and only dissolved oxygen can permeate it, since hydrogen has a very low 

solubility in the electrolyte.    

Teflon membranes are very inert though hydrophobic; Teflon films can be made 

very permeable to ions in aqueous solution if stretched and boiled in water to remove 

the trapped air. Another important feature of the Teflon
®
 porous diaphragm is the 

possibility of using it on top of the PEC cell to separate the evolving gases from the 
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electrolyte – Figure 4.1a2). Indeed, Teflon
®
 is a hydrophobic material that prevents 

the electrolyte to permeate, while its porosity allows the evolving gases to easily 

cross. 
[8]

 

4.4.1.  WO3 PHOTOELECTRODES 

The WO3 samples were tested both in a 3-electrode configuration, i.e. with an 

Ag/AgCl sat. KCl as reference electrode, and in a 2-electrode configuration. The 3-

electrode configuration was used to obtain the characteristic curves of the 

photoelectrodes and the 2-electrode configuration was used to study the 

characteristic curves of the complete device.
[9]

 The 2-electrode configuration allows 

studying the overall charge transfer phenomena occurring at the semiconductor, 

within the electrolyte and at the counter-electrode side of the cell, whereas the 3-

electrode configuration enables the detailed study of the electrochemical behavior of 

the photoelectrode/electrolyte interface since the potential is measured with respect 

to a fixed reference potential.
[9]

  

The J-V curves obtained for the two WO3 samples in the dark and under 1 sun 

illumination conditions are plotted in Figure 4.3. It can be observed that the anodized 

metal sample has a significantly higher photocurrent density than the sample 

deposited onto a TCO glass substrate; at 1.45 VRHE the metallic sample (coded 

hereafter as WO3-Metal) produces 0.9 mA·cm
-2

 and the glass sample (coded hereafter 

as WO3-Glass) produces 0.15 mA·cm
-2

; actually, this behavior is in line with the 

efficiency values reported in literature.
[5, 6]

 The differences observed in the 

photocurrents are not only due to the preparation method but also due to the higher 

charge transport resistance through the transparent conductive oxide (TCO) layer in 

the glass substrate. The EIS spectra will allow to discriminate the series resistances in 

glass and metal substrates, which are directly related to the charge transport 

resistance on them – cf. Figure 4.5.  

The use of a diaphragm has never been reported for PEC cell applications. Thus, the 

use of a porous Teflon
®
 diaphragm will be compared in two distinctive cases: i) no 
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membrane; and ii) Nafion
®
 212 membrane, highly proton conductive. Tungsten 

photoelectrodes deposited both on glass and metal substrates were used. 
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Figure 4.3 - J-V characteristics obtained for metal and glass WO3 photoanodes, under dark and 1 sun light 

conditions, in a 2- and 3-electrodes configurations. All the measurements were performed without 

membrane.  WO3-Metal: Sample of WO3 on metal substrate, WO3-Glass: Sample of WO3 on TCO glass 

substrate. 

 

WO3 PHOTOELECTRODE ON METAL SUBSTRATE 

Figure 4.4 shows the photocurrent-voltage characteristic curve obtained for the 

anodized metallic sample (WO3-Metal) in a 2-electrode configuration with: i) no 

membrane; ii) Nafion
®
 N212 membrane and iii) Teflon

®
 diaphragm. The obtained 

characteristic curves show a similar shape for the three cases. This corroborates the 

possibility of using Teflon
®
 diaphragm also for acid electrolyte media. Nevertheless, 

when the Teflon
®
 diaphragm was used, a slightly lower photocurrent density is 

observed for potentials from 0.8 VRHE to 1.6 VRHE. On the other hand, for applied 

potentials higher than 1.6 VRHE, this behavior changes and the device with Teflon
® 

membrane
 
starts to present higher photocurrent density. At the beginning of the 

experiment, the Teflon
®
 diaphragm presents a higher transport resistance since it is 

made of a hydrophobic polymer and the aqueous electrolyte has difficulty to 
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penetrate into the pores of the membrane. During the experiment time the 

diaphragm becomes slightly more transparent indicating that more pores are being 

filled with electrolyte and thus more ions are permeating. This behavior justifies the 

progressively better performance of the Teflon
®
 based device, especially for potentials 

above 1.6 VRHE. This allows to conclude that the Teflon
®
 diaphragm should be pre-

treated to remove the trapped air in the pores, for example by as boiling the 

diaphragm in hot water. 
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Figure 4.4 - J-V characteristics of the WO3 anodized metallic sample in the dark and under 1 sun solar 

radiation for the three situations under study: without membrane (□), with Nafion
®
 membrane (◊) and 

with Teflon
®
 diaphragm (ᴏ). WO3-Metal: Sample of WO3 on metal substrate. 

 

Electrochemical impedance spectroscopy technique is a unique tool that can give 

important information about the phenomena occurring inside the PEC cell. In 

particular, it allows to identify groups of resistors and capacitors that describe the 

behavior of the electrochemical reaction kinetics, ohmic conduction processes and 

even mass transport limitations. The Nyquist spectra in 2-electrode configuration is 

plotted in Figure 4.5 at three different applied potentials; 1.00 VRHE, 1.25 VRHE and 1.45 

VRHE. At an applied potential of 1.00 VRHE, the overall PEC cell resistances shows similar 

values for the three studied cases. Still, the device with Teflon
®
 diaphragm displays a 
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higher series resistance (Rs), of about 5 Ω, than the other two cases, which show 

almost 0 Ω. Rs in this type of systems comprises the substrate charge transport 

resistance, the resistance related to the ion conductivity in the electrolyte and the 

external contacts resistances (e.g. wire connections). The membrane resistance 

contribution is considered an ohmic resistance and thus it is also included in Rs value. 

Even if the Teflon
®
 diaphragm presents higher series resistance for the three studied 

potentials, for the highest applied potential the overall resistance is lower and thus 

the final produced photocurrent is higher. As mentioned, this enhancement for 

applied potentials higher than 1.6 VRHE is related to air release from the Teflon porous 

material, increasing the active pores for mass transport.  

 
 

0 2 4 6 8 10 12
0
2
4
6
8

10
12

0

2

4

6

8

10

12
0

2

4

6

8

10

12

 

Z
'' 

/ 
Ω

 

Z' / Ω 

Nyquist Plot at 1.45 V
RHE

Nyquist Plot at 1.25 V
RHE

Nyquist Plot at 1.00 V
RHE

 

Z
''
 /

 Ω
 

 WO
3
-Metal No membrane

 WO
3
-Metal Nafion®  Membrane

 WO
3
-Metal Teflon®  Diaphragm

 

 

Z
''
 /

 Ω
 

 

 

Figure 4.5 -. Left: Nyquist plots for the three situations under study: without membrane (□), with Nafion
®
 

(◊) and with Teflon
®
 (ᴏ) tape at three different applied potentials (1.00 VRHE, 1.25 VRHE and 1.45 VRHE); 

Right: Nyquist plots zooming for the case of using a Teflon
®
 diaphragm. WO3-Metal: Sample of WO3 on 

metal substrate. 
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From the right side of Figure 4.5 it is visible that the Teflon
®
 series resistance 

monotonously decreases with the applied potential, indicating that the ohmic 

resistance of the Teflon
®
 diaphragm also decreases. 

The solar-to-hydrogen conversion efficiency (STH) is defined as the chemical energy 

produced divided by the solar energy input
[2]

. The chemical energy produced is the 

rate of hydrogen production (mmol H2·s
-1

) multiplied by the change in Gibbs free 

energy per mol of H2 (at 25 ºC, ΔG = 237 kJ·mol
-1

). The solar energy input is the 

incident illumination power density (PTotal, in units of mW·cm
-2

) multiplied by the 

illuminated area (cm
2
). Therefore, STH can be described through the following 

expression:
[2]

 

( ) ( ) ( )
( ) ( )

− −

−

 ⋅ × ∆ ⋅
 =

⋅ ×  

1 1

2 2

2 2

Total
AM1.5G

H mmolH s 237kJ mol
%

mW cm cm

rate G
STH 

P A
                    (4.1) 

The amount of produced hydrogen was determined assuming 100 % Faradaic 

efficiency:  

×= =2H
2 2

I J A
rate

F F
                         (4.2) 

where 2H rate is the hydrogen production rate (mol·s
-1

), I is the photocurrent (A), F is 

the Faraday’s constant (C·mol
-1

), A is the illuminated photoelectrode area (m
2
) and Jph 

is the photocurrent density (A·m
-2

). From equations (4.1) and (4.2) it is possible to plot 

the hydrogen production rate and the correspondent STH efficiency - Figure 4.6. 

Since it was assumed 100 % Faradaic efficiency, in Figure 4.6, the photocurrent and 

hydrogen evolution curves have the same shape, achieving a plateau of about 0.27 

mmolH2·s
-1

 for applied potentials higher than 1.5 VRHE. Additionally, the solar-to-

hydrogen PEC cell efficiency showed the same behavior, reaching a maximum 

efficiency plateau around 1.37 % for the case of using a Teflon
®
 diaphragm and 1.28 % 

when no membrane is used (bias of 2.5 VRHE). With the Nafion
®
 membrane the 

hydrogen evolution rate and the solar-to-hydrogen efficiency are similar to the ones 

obtained without membrane - Figure 4.6.  
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Figure 4.6 - Left Axis: Hydrogen production rate (mmol·cm

-2
) for the case of not using membrane (□), 

with Nafion
®
 membrane (◊) and with Teflon

®
 diaphragm (○). Right axis: Solar-to-hydrogen PEC cell 

efficiency (%) for the case of not using membrane (■), with Nafion
®
 membrane ( ) and with Teflon

®
 

diaphragm (●).WO3-Metal: Sample of WO3 on metal substrate. Both plots were calculated with 

experimental data obtained in a 2-electrode configuration 

 

It is important to mention that when WO3 metallic samples are used, it is possible 

to apply either a Nafion
®
 or a Teflon

®
 membrane to separate the electrodes within the 

PEC cell. However, if we want to tilt the cell in a tracking system to harvest the 

maximum solar radiation at each moment, a membrane must be placed a membrane 

on top (Figure 4.1a2) and here only the Teflon
®
 diaphragm can be in fact used since 

one of the sides is free of electrolyte solution. Nafion
®
 membranes cannot be used 

because both sides of the membrane must be immersed in the electrolyte solution so 

that it works properly. Moreover, in what concerns long-term stability studies, the 

developed continuous electrolyte feeding system plays a crucial role, as explained 

elsewhere.
[10]

 

WO3 SAMPLE APPLIED ONTO A GLASS SUBSTRATE 

Contrary to what happened with WO3 samples deposited on metal substrates, the  

J-V characteristic curve obtained for the device equipped with WO3 on TCO glass 
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substrate (coded WO3-Glass) and using Teflon
®
 diaphragm exhibits higher 

photocurrent density, ca. 47 % higher, in all applied potentials range - Figure 4.7. 

Since WO3-Glass photoelectrode is transparent, the semiconductor absorbs a fraction 

of the incident light, being the rest reflected and transmitted. A fraction of the 

transmitted light is then reflected back by the white Teflon
®
 diaphragm to the 

photoelectrode, leading to a higher photocurrent. This may explain the photocurrent 

density enhancement; indeed at 500 nm the transmittance of the sample is 44 % and 

the reflectance of the Teflon
®
 diaphragm is 80 %. Additionally, since the 

photoelectrode material was deposited on a TCO layer, the common dark current 

onset is observed for applied potentials higher that 1.8 VRHE.
[11]
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Figure 4.7 - J-V characteristics for the WO3 sample prepared by the blade spreading method, in the dark 

and under 1 sun solar radiation for the three situations under study: without membrane (□), with Nafion
®
 

membrane (◊) and with Teflon
®
 membrane (ᴏ), all in a 2-electrode configuration. WO3-Glass: Sample of 

WO3 on TCO glass substrate. 

 

The EIS analysis was obtained at room temperature at an applied bias potential of 

1.25 VRHE. The Nyquist plots on Figure 4.8 corroborate that the Teflon
®
 diaphragm 

device shows higher ohmic resistances than the other two devices: 12.1 Ω for the 

sample with Teflon
®
 and 4 Ω for the other two cases. Nonetheless, at 1.25 VRHE the 
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overall cell resistances are in fact lower than the case where no membrane is placed 

or with Nafion
®
 membrane - Figure 4.8. The Bode plot on Figure 4.8b) explicitly show 

the frequency-dependence of the impedance of the device under test; here higher 

impedance are observed in the lower frequencies range clearly shows the presence of 

a semicircle, on the other hand at higher frequencies range the impedance response 

does not obviously shows the small semicircle. 
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Figure 4.8 - Nyquist a) and b) Bode plots for the three situations under study: no membrane (□), with 

Nafion
®
 (◊) and with Teflon

®
 diaphragm (ᴏ) at an applied potential of 1.25 VRHE. WO3-Glass - Sample of 

WO3 on TCO glass substrate. 

 

Similarly to the WO3 sample on metal substrate, the produced hydrogen rate was 

determined using Equation (4.2) and the corresponding solar-to-hydrogen efficiency 

was calculated using Equation (4.1). The obtained results are plotted in Figure 4.9 and 

they agree with the photocurrent trends observed in Figure 4.7; when Teflon
®
 

diaphragm is used, both the produced rate of hydrogen and the solar-to-hydrogen 

efficiency are higher than for the cases of no membrane or Nafion
®
 membrane. 

Concerning the device with Teflon
®
 diaphragm, a rate of 0.029 mmolH2·s

-1
 is produced 

at an applied of 1.45 VRHE, corresponding to a solar-to-hydrogen efficiency of 0.14 %. 
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On the other hand, for the device with no membrane, the hydrogen evolution rate is 

0.019 mmol·s
-1

, corresponding to a solar-to-hydrogen efficiency of 0.10 %; similar 

values of both hydrogen evolution rate and STH are obtained when a Nafion
®
 

membrane is placed between both electrodes - Figure 4.9. 
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Figure 4.9 - Left Axis: Hydrogen production rate (mmol·cm

-2
) for the case of not using membrane (□), 

with Nafion
®
 membrane (◊) and with Teflon

®
 diaphragm (○). Right axis: Solar-to-hydrogen PEC cell 

efficiency (%) for the case of not using membrane (■), with Nafion
®
 membrane ( ) and with Teflon

®
 

diaphragm (●).WO3-Glass: Sample of WO3 on glass substrate. Both plots were calculated with 

experimental data obtained in a 2-electrode configuration. 

 

4.4.2. FE2O3 PHOTOELECTRODE ON A GLASS SUBSTRATE  

Photoelectrodes of hematite work preferentially in strong alkaline media, normally 

1 M of NaOH or KOH (pH 13.6), and thus protonic exchange membranes like Nafion
®
 

cannot be used. On the other hand, Teflon
®
 diaphragm is chemically stable at acid and 

basic pH media and therefore more versatile than Nafion
®
 membranes. A PEC device 

composed by an undoped-Fe2O3 photoelectrode with a Teflon® diaphragm was 

studied. The performance of this undoped-Fe2O3 photoanode was assessed using 2- 

and 3-electrode configurations, under dark and 1 sun illumination conditions. Then, 
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the corresponding impedance spectra were obtained for applied potentials ranging 

from 1.00 to 1.80 VRHE.  

Figure 4.10 shows the J-V characteristic curves for the undoped-Fe2O3 sample under 

dark and illumination conditions, in 2- and 3-electrodes configuration, with and 

without Teflon
®
 diaphragm. From Figure 4.10a), measured in a 2-electrode 

configuration, a photocurrent density of 0.40 mA·cm
-2

 at 1.45 VRHE is observed for the 

case where no membrane was used and 0.47 mA·cm
-2

 at the same potential when a 

Teflon
®
 diaphragm is placed between electrodes. Thus, the Teflon

®
 diaphragm allows 

producing more photocurrent density. The produced photocurrent density of the 

undoped-Fe2O3 sample is significantly higher than the one obtained with the WO3 

sample deposited onto a TCO glass substrate. On the other hand, comparing with the 

WO3 deposited onto metallic substrates the photocurrent produced by the hematite 

sample is almost 50 % less. As expected, the samples deposited onto TCO glass 

substrates produce lower photocurrent densities than the samples deposited on 

metallic substrates, for all the studied cases.  
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Figure 4.10 - J-V characteristics for the undoped-Fe2O3 sample prepared by the USP method in the dark 

and under 1 sun solar radiation without (□) and with Teflon
®
 diaphragm (ᴏ) under: a) 2- and b) 3-

electrodes configuration. Fe2O3-Glass: Sample of Fe2O3 on TCO glass substrate. 
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The hydrogen flow rate of the hematite photoelectrodes was again computed using 

Equation (4.2) and the corresponding solar-to-hydrogen efficiency was obtained using 

Equation (4.1) - Figure 4.11. Similarly to what happened with the previous sample 

(WO3-glass), the undoped-Fe2O3 sample tested with Teflon
®
 diaphragm showed higher 

hydrogen evolution rates than if no membrane is used: 0.10 mmolH2·s
-1

 and 0.12 

mmolH2·s
-1

 with no membrane and with Teflon
®
 diaphragm, respectively, at an 

applied bias voltage of 1.45 VRHE. Consequently the STH efficiency is also higher when 

the diaphragm is used, 0.60 % vs. 0.50 %.  
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Figure 4.11 -  Left Axis: Hydrogen production rate (mmol·cm

-2
) for the case of not using membrane (□) or 

using a Teflon
®
 diaphragm (○). Right axis: Solar-to-hydrogen PEC cell efficiency (%) for the case of not 

using membrane (■) or using a Teflon
®
 diaphragm (●). Fe2O3-Glass - Sample of Fe2O3 on TCO glass 

substrate. Both plots were calculated with experimental data obtained in a 2-electrode configuration.  

 

The EIS measurements give additional information concerning the charge transport 

in the different PEC cell parts, allowing a better understanding of the role of the 

Teflon
®
 diaphragm. Nyquist and Bode plots - Figure 4.13- indicate the existence of two 

distinguished time-response of the system. The first semicircle in the Nyquist plot 

(second peak in the Bode diagram) corresponds to the higher frequencies range 

(100000 Hz – 1 Hz) and it is considerably smaller than the second semicircle, which 

responds in the low frequencies range (1 Hz – 0.1 Hz). Comparing the Nyquist plots of 
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samples WO3-Glass and Fe2O3-Glass, shown in Figure 4.8 and 4.12, it is noticed that 

the WO3 sample deposited onto a TCO glass substrate shows a larger lower 

frequencies semicircle. Figure 4.12 also shows that the series resistance is higher for 

the device using the Teflon® diaphragm, in line with the results obtained before for 

the WO3-Glass and WO3-Metal samples. 
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Figure 4.12 - Nyquist and Bode plots for the two situations under study: without membrane (□) and with 

Teflon
®
 diaphragm (ᴏ) at an applied potential of 1.00, 1.25 and 1.45 VRHE. Fe2O3-Glass - Sample of Fe2O3 

on TCO glass substrate. 

 

In a 2-electrode configuration EIS measurement, the system response allows 

studying the overall charge transfer phenomena occurring at: i) the semiconductor; ii) 

within the electrolyte and iii) at the counter-electrode of the cell. To identify the 

frequency response of the individual elements that compose the PEC cell, a previous 

study was carried out in a cell comprising a platinum mesh as counter-electrode and a 

similar platinum mesh as working electrode, both immersed in a 1 M KOH, with and 
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without Teflon
®
 diaphragm – Figure 4.13. This is the well-known dummy cells 

characterization. Analyzing the Pt-Pt EIS measurements, a difference of 16 Ω is 

observed in the series resistances values when a membrane is placed or not between 

both electrodes - Figure 4.13b). Thus, the membrane resistance contribution appears 

on the series resistance confirmed by the Pt-Pt EIS experiment. To confirm the 

frequency range when the counter-electrode responds, the EIS data response of a PEC 

cell comprising a photoanode of undoped-Fe2O3 as working electrode and a Pt mesh 

as counter electrode was compared to EIS response of a dummy cell. As shown in 

Figure 4.13a) the first semicircles in both situations correspond to the high 

frequencies range; the low frequency semicircle was correlated to the 

semiconductor/electrolyte diffusion processes.  
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comparing the Pt-Pt PEC system with (■) and without a Teflon
®
 diaphragm (■) at 2.3 VRHE. 
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4.5. CONCLUSIONS 

An innovative PEC cell was presented and tested using three different 

photoelectrodes: WO3 applied on metal and on TCO-glass substrate and undoped 

hematite deposited on TCO-glass substrate. The WO3 photoelectrodes were 

deposited by two different techniques: i) anodized WO3 photoelectrodes on a metal 

substrate and ii) WO3 deposited by blade spreading method on a TCO glass substrate. 

The undoped-Fe2O3 photoanode was deposited by ultrasonic spray pyrolysis (USP). 

The highest photocurrent density was obtained with photoelectrode WO3-Metal, ca. 

0.90 mA·cm
-2

 at 1.45 VRHE, which corresponds to a hydrogen evolution rate of ca. 0.27 

mmolH2·s
-1

 and a STH efficiency of 1.28 %. With transparent photoelectrodes, partially 

due to the higher charge transport resistance imposed by the TCO layer on glass 

substrates, the produced photocurrent was lower: 0.30 mA·cm
-2

 and 0.40 mA·cm
-2

 for 

the WO3 and undoped-Fe2O3, respectively.  

The proposed Teflon
®
 diaphragm was successfully implemented in the new PEC cell, 

with ca. 47 % photocurrent density enhancement when transparent WO3 

photoelectrode was used. Indeed, despite the Teflon
®
 diaphragm increased the series 

resistance due to its higher charge resistance, it also allowed that the fraction of the 

light lost through the transparent photoelectrode is then reflected back, leading to a 

higher photocurrent. However, it should be emphasized that a thinner and pre-

treated Teflon
®
 diaphragm for removing the air trapped in the pores should result in a 

negligible extra charge transport resistance. The use of the Teflon
®
 diaphragm on the 

top of the cell is another important feature of this newly disclosed PEC device. Its 

usage on top of the cell allows tilting the cell with no leakage in a tracking system for 

harvesting the maximum solar radiation at each moment; this is actually a crucial 

feature for outdoor applications. 
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NOMENCLATURE  

Variables  Definition Unit 

A - Photoelectrode area cm
2
 

F - Faraday constant, 9.6485339 × 10
4
  C·mol

-1
 

2 rateH  - Hydrogen production rate mol·s
-1

 

I
 

- Current  A 

J - Current density  A m
-2

 

Total
P  - Incident illumination power density mW·cm

-2
 

RS - Series resistance Ω 

Z’’ - Imaginary Part of impedance  Ω 

Z’ - Real Part of impedance  Ω 

   

Greek Symbols  Definition 

∆G  - Free energy for the overall cell reaction J 

    

Abbreviations  Definition  

AM - Air mass  

EIS - Electrochemical impedance spectroscopy  

FTO - Fluorine doped tin oxide  

RHE - Reversible hydrogen electrode  

STH - solar-to-hydrogen conversion efficiency  

PEC - Photoelectrochemical  

PV - Photovoltaic  

TCO - Transparent conductor oxide  
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5. Chapter 5 

 

UNSTEADY STATE PHENOMENOLOGICAL MODEL 

APPLIED TO PHOTOELECTROCHEMICAL CELLS FOR 

HYDROGEN PRODUCTION FROM WATER SPLITTING 

 

Tânia Lopes, Luísa Andrade, Adélio Mendes 

 

ABSTRACT 

Light-driven water splitting is an interesting route to produce clean hydrogen as a 

sustainable fuel, but surprisingly there is little knowledge about the involved working 

principles on the photoelectrolysis reaction of water. Normally, analytical models 

study the phenomenology behind the semiconductor-liquid interfaces and less 

attention is being giving to the understanding of complete PEC systems. In the 

present work a transient phenomenological model applied to photoelectrochemical 

(PEC) cells is presented, capable of describing the PEC cells performance based on 

simulated J-V characteristic curves in a two-electrode configuration. In this model the 

photoelectrode was assumed to be a homogenous nanocrystalline hematite 

structure, with thickness L. The TCO/semiconductor interface was modeled as an ideal 

ohmic contact, while the electrolyte/platinum interface was described by a Butler-

Volmer approach. The Butler-Volmer equation was the cornerstone to correlate the 

produced current density with the applied voltage and overpotentials for the studied 

electrochemical system. A strong alkaline electrolyte solution was considered 

allowing the transport of the ionic species from the counter-electrode to the 

photoanode. Continuity and transport equations were applied to all charge carriers 
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involved in the photoelectrochemical reaction of water reduction: electrons, holes 

and ions species in the aqueous electrolyte solution. The model was validated by 

using large semiconductor materials, being this new PEC cell phenomenological model 

a close approach of simulating devices for outdoor applications.  

 

 

Keywords: Photoelectrolysis, Modeling, Butler-Volmer, Overpotentials, Hydrogen  
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5.1. INTRODUCTION  

The awareness concerning the increase of carbon dioxide emissions and the 

depletion of fossil fuel reserves motivate the development of innovative processes to 

take advantage from renewable energy sources.
[1]

 Solar fuels produced by light-to-

chemical energy conversion in a photoelectrochemical (PEC) device are a promising 

route to produce transportable and storable chemical feedstocks. Thus, light-driven 

water splitting is an interesting path to produce clean hydrogen as a sustainable fuel. 

With the pioneer work of Fujishima and Honda on the photoelectrolysis of water with 

single crystal rutile (TiO2) electrodes in 1972, the quest for efficient stable low-cost 

systems for light-driven water splitting started.
[2]

 The energy conversion efficiency of 

PEC devices for water photoelectrolysis is principally determined by the properties of 

the materials used as photoelectrodes. Consequently, commercial applications for 

hydrogen generation from solar energy and water will be mainly dominated by the 

progress in materials science field to enable the development of an efficient and 

stable photoelectrode material.
[3] 

Despite the fact of many candidate materials have 

been already proposed, semiconductor properties are currently far from being 

optimal. For direct water-splitting, the photoelectrode must to simultaneously fulfill 

several key criteria: i) the semiconductor system must generate sufficient voltage 

upon irradiation to split water, ii) the bulk bandgap must make efficient use of the 

solar spectrum, iii) the band-edge potentials at the surface must straddle hydrogen 

and oxygen redox potentials, iv) the system must exhibit long-term stability in 

aqueous electrolytes, v) the charge transfer from the surface of the semiconductor to 

the solution must be selective for water splitting and vi) exhibit low kinetic 

overpotentials.
[4]

 Despite the research efforts developed to date, no single 

semiconducting material has been found yet able to fulfill all the requirements 

needed to generate stand-alone devices for solar hydrogen production from water 

splitting.
[5]

 Nevertheless, due to several features, photoelectrodes of hematite are 

being intensively investigated to improve their morphology and develop new 

nanostructures incorporating current collectors, surface treatments with catalyst and 
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passivation layers that would enhance the efficiency of the charge collection and 

reduce the onset voltage.
[6]

 

Giving the significant technical challenges remaining on the development of new 

and promising semiconductors materials, an increasing work have been made in the 

phenomenological understanding of its behavior in terms of their physical properties 

and mainly in terms of the Schottky barrier that arises from the semiconductor-liquid 

junction.
[7-11]

 Dewald
[12]

 derived expressions for the J-V characteristics of 

semiconductor-electrolyte cells by assuming that incident photons are absorbed in 

the space charge region (SCR). Photogeneration of carriers in the neutral region and 

recombination in the SCR were neglected. Wilson
[10]

 included neutral-region 

photogeneration in this model as well as interface recombination. SCR recombination 

was also neglected and the effect of the opposition dark current. On the other hand, 

Reiss
[9]

 derived steady state equations for various model cases applied to the physical 

understanding of electrolyte/semiconductor junctions. Rather than assuming quasi-

equilibrium conditions in the SCR, the transport equations were integrated assuming 

negligible SCR recombination. Reichman
[13]

 modeled J-V characteristics curves 

including recombination in the neutral and space charge regions. Later on, Butler
[7]

 

studied the photoresponse of WO3 semiconductor-electrolyte junction as a Schottky 

barrier and it was determined that the minority-charge carries diffusion plays a 

limiting role. Recently, Gerischer
[14]

 developed an important work on the 

understanding of kinetics and energetic of electron transfer across semiconductor-

electrolyte junctions. All the above mentioned models pointed out the rate-limiting 

effect of the charge transfer kinetics across the semiconductor-liquid junctions. 

Nevertheless, little is known about the physical understanding of the PEC cell 

processes occurring when the whole system is assembled to produce hydrogen, 

independently if an extra bias was added or not for allowing the water-splitting 

reaction to take place. In the present work a dynamic phenomenological model 

applied to photoelectrochemical (PEC) cells is presented, capable of describing PEC 

cells performance based on simulated J-V characteristic curves in a two-electrode 

configuration; here the main goal is to study all the PEC system components 

contribution, contrary to what happen with a three-electrode configuration analysis, 
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where only the phenomena occurring at the semiconductor and at the 

semiconductor-electrolyte interface are considered.
[15]

  

5.2. DEVELOPMENT OF THE PEC CELL MODEL 

The phenomenological model is based on a previous work developed by the 

Andrade et al. applied to photoelectrochemical cells for water splitting.
[16]

 A 

photoelectrochemical cell that converts sunlight into hydrogen by water 

photoelectrolysis using a single photon-system, with an n-type semiconductor in an 

alkaline media, is illustrated in Figure 5.1.  

 

 
Figure 5.1 - Schematic representation of the photoelectrochemical cell used to carry out the water 

photo-splitting reaction.
[17]

  

 

In this case, the single-photon PEC system for water-splitting is composed by a 

semiconductor photoelectrode that absorbs photons with sufficient energy to inject 
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electrons from the valence to the conduction band, creating electron-hole pairs – 

Equation (5.1): 

2 2 2− +→ +hv e h                 Photon-induced electron-hole pair generation                 (5.1) 

The excited electrons percolate through the semiconductor layer reaching the 

platinum counter-electrode, via the external circuit, to promote water reduction at its 

surface – Equation (5.2), while holes oxidize water in the semiconductor surface – 

Equation (5.3). The cycle is closed when the electrolyte anions generated at the 

counter-electrode diffuse back to the surface of the semiconductor to recombine with 

holes.  

Cathode: E
2 2

- -

2 2 H O/H2H O+2e H +2OH 0.828 V
°→ = −                                            (5.2) 

Anode:
-

2

- +

2 2 OH /O

1
2OH +2h H O+ O 0.401 V

2
E

°→ =                                              (5.3) 

As it is known, the mechanisms behind the oxidation of water by photogenerated 

holes are not completely understood and mostly depend of the interfacial properties 

of the semiconductor material used. This motivated the development of most of the 

above-mentioned phenomenological models, which were focused on the 

understanding of the Schottky barrier that arises from the semiconductor-liquid 

junctions. Additionally, it is also known that the efficiency of the oxidation processes 

occurring at semiconductor-electrolyte interface can be limited by several competing 

electron losses pathways. These recombination events can occur by way of: bulk 

recombination via bandgap states or direct electron loss to holes in the valence band; 

photocorrosion of the semiconductor; or dissolution.
[8]

 The last two processes are 

responsible for the degradation of the electrode and consequently for stability issues. 

On the other hand, in what concerns the water reduction into hydrogen at the Pt 

counter-electrode interface, it is a kinetically simple process compared to water 

oxidation reaction.
[18]

 

A scheme of the modeled PEC cell is presented in Figure 5.2. The photoanode is 

assumed to be a homogeneous nanocrystalline hematite film, with thickness L. The 
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photoanode is deposited onto a transparent conductive substrate (TCO) of SnO2:F. 

The TCO/semiconductor interface, assumed to be an ideal ohmic contact, is 

considered to be the origin of the abscissa (x = 0). Due to its promising performance 

and stability characteristics, an n-type photoanode of hematite was selected to be 

modeled as the photoactive semiconductor material.
[19]

 The photoelectrode of 

hematite should be immersed in a conductive alkaline electrolyte solution allowing 

the transport of the intervenient ionic species from the counter-electrode, a platinum 

wire.
[20]

 Then, at position x = L, the interface semiconductor/electrolyte exists. The cell 

thickness is limited by the electrolyte/platinum counter-electrode at position x = b, 

which is described by the Butler-Volmer approach. The mobile charges considered in 

the developed model are the electrons in the conduction band of the hematite 

semiconductor, e
-
, the holes in the valence band, h

+
, and the hydroxyl ions in the 

electrolyte aqueous solution.  

The model assumes that the photoelectrode faces its counter-electrode, being 

illuminated through it, i.e. the light passes through a window followed by a Pt-wire 

and reaches the photoactive side of the semiconductor. The space between both 

electrodes is filled with the electrolyte solution, in this case 1 M NaOH (pH = 13.6, 25 

ºC). The J-V characterization of the PEC cell is performed in an in-house made PEC cell 

device developed by the authors, in which the surface of the platinum counter-

electrode is 1 cm far from the semiconductor/electrolyte interface. Hence, it should 

be considered that b >> L. Moreover, the cell is irradiated perpendicularly to its 

photoelectrode. 

There are different processes in which the electrons and holes are annihilated in a 

reaction known as recombination.
[21]

 Concerning the electron loss pathways, in this 

model it is only assumed radiative recombination, in which a hole in the valence band 

reacts with an electron from the conduction band producing a photon. The space-

charge recombination as well as the remaining recombination mechanisms are 

neglected.
[22]

 Additionally, at x = L, the semiconductor/electrolyte interface, it was 

considered the valence band reaction of holes with the hydroxyl ions to produce 

oxygen, with a reaction constant kVB. 
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Figure 5.2 - Scheme of the modeled photoelectrochemical cell for photo-assisted water splitting. The 

TCO/semiconductor interface positioned at x 0=  and the electrolyte/Pt counter-electrode placed at 

x b=  define the limits of the photoanode and cathode, respectively. The electrolyte solution fills the 

free volume between x L=  and x b= . 

 

The study is performed at positive voltage; as so, under illumination the injection of 

electrons from the electrolyte solution to the semiconductor condition band (anodic 

current) can be neglected. Variables -
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ions densities, respectively; their quantities in equilibrium are given by the Boltzmann 

distribution and they are identified by subscript “eq”:  

( )F CB

CBe eq

B

q E E
n N

k T
-

-
exp

 
=  

 
                        (5.4) 

( )VB F

VBh eq

B

q E E
n N

k T

-
exp+

 
=  

 
                        (5.5) 

Out of the equilibrium, the Fermi level FE  splits into two quasi Fermi levels: 
Fe

E −  

and
Fh

E + , which corresponds to the quasi Fermi level of electrons and holes, 

respectively. At the TCO/semiconductor interface positioned at 0x = , 
Fe

E −  is assumed 

to be directly controlled by applied voltage: 

-- - FFe
qV E E=              (5.6) 

Additionally, since the model considers a very thin α-Fe2O3 semiconductor layer (i.e.

α<<L -1
), it was assumed that uniform and homogenous quantities of -

e
n  and +

h
n

exists over it. Moreover, it is considered that under equilibrium the Fermi level is 

equal to the redox potential of the electrolyte
redox FE E= .  

The generation rate is described by the following equation:  

( ) L x

injG x I ( )( )

0( ) exp− −= α λη α λ            (5.7) 

It is assumed that each photon absorbed by the semiconductor, with energy 

ghv E≥ , results in the injection of an electron from the valence band into the 

conduction band, so the electron injection efficiency, 
injη , was considered to be unity. 

The absorption coefficient, ( )α λ , is a property of the material and is wavelength-

dependent; I0 is the incident photon flux corrected for reflections losses of the TCO 

glass. 
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The mobile charges transport occurs via diffusion, which arises from the 

concentration profiles, and migration, caused by macroscopic electric field E . The 

charge transport can be described with sufficient accuracy using constant diffusion, 

iD  and mobility, iµ , coefficients inserted in the Einstein relation:
[21]

 

T µ= B
i i

k
D

q
, i = e

-
, h

+
 and OH

-
            (5.8) 

The effect of microscope electric field in the cell as well as the Helmholtz and 

diffuse layers were neglected (no depletion layer and other internal structure 

conditions). 

According to the previous assumptions, the proposed phenomenological model for 

PEC cells comprises the continuity and transport equations for the mobilities species 

in unsteady-state and isothermal conditions. The transport and continuity equation 

(charges balance) applied to the mobile charges, i, is:  

( ) ( )
∂ ∂= + −
∂ ∂

i in j
G x R x

t x
, i = e

-
, h

+
 and OH

-
                        (5.9) 

Two contributions for the electron flux, ij , can be considered: a diffusive transport 

of electrons within the hematite film towards the transparent conductive substrate 

and a migration transport driven by macroscopic electric field across the surface of 

the semiconductor. Thus: 

µ∂= − −
∂

i
i i i i

n
j D n E

x
 � 

( )ii i
i i

n Ej n
D

x x x

2

2

∂∂ ∂= − −
∂ ∂ ∂

µ                      (5.10) 

where iD is the diffusion coefficient, µ i  is the mobility of the charge and E  is the 

macroscopic electric field. Though, in the present model the migration term in 

equation (5.10) was neglected given that a very thin film of hematite semiconductor 

was modeled. 
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5.2.1. ELECTRONS BALANCE 

The general form of the continuity and transport equation applied to the electrons 

can be written as:  

e e

e e

n j
G x R x

t x
-( ) ( ) 

− −

−

∂ ∂
= + −

∂ ∂
                                     (5.11) 

As previously mentioned, the electron flux -ej  only considers the diffusivity 

contribution and the generation term is calculated using Equation (5.7). The 

recombination of the conduction band electrons with holes in the valence band can 

be described by:  

( )( )- - +e- h+e e eq h eqe h
R kn n k n n n n− += = + ∆ + ∆        (5.12) 

For an n-type semiconductor material under illumination, it is known that 

n n n n- e-eq h+ h+eqe
   and   ∆ << ∆ >> . So Equation (5.12) can be simplified into Equation 

(5.13): 

R kn n- - h+e e eq
= ∆            (5.13) 

where k is a first order kinetics ( )k 1= τ ,τ  the lifetime of the carriers before 

recombine) and -
e eq

n  is the dark equilibrium electron concentration that for an n-type 

semiconductor is defined  by: 

- De eq
n N≅                                                                 (5.14) 

Finally, the third term of Equation (5.13) is given by ( )+ + +h h h eq
,n n x t n∆ = − , with 

h eq
n + is 

the holes dark equilibrium given by:  

+ eqh
n n n

2

int e eq
−=            (5.15) 

In Equation (5.15) intn is the intrinsic concentration of a semiconductor and it can be 

calculated through Equation (5.16).  
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g2

int CB CV exp
B

E
n N N

k T

 
= − 

 
                      (5.16) 

The electron flux at any position of x is given by:   

2

2
e e e

e e e

n j n
j D D

x x x

− − −

− − −

∂ ∂ ∂
= − → = −

∂ ∂ ∂
                                   (5.17) 

Thus, the continuity and transport equation can be written as follows: 

2

02
( )( )( ) exp

e eq hL xe e

inje

nn n
D I

t x

α λη α λ
τ

− +− −

−
− −

∆∂ ∂
= + −

∂ ∂
                                     (5.18) 

At 0t =  the cell is considered to be under dark conditions and the electron 

concentration is calculated through Equation (5.14):  

0 0
e- eqe

t= n (x, )=n −                                     (5.19) 

For solving the transport and continuity equation boundary conditions are needed. 

At the TCO/semiconductor interface, 0x = , a simple charge balance
e e

j j
0 0

− −+ −=  was 

considered. The current flow at 0x +=  results from the transport of the generated 

electrons by diffusion, Equation (5.17), which, in steady-state conditions, equals the 

produced net current density, Jcell, generated by the cell under operation conditions in 

x 0−= . The term Jcell is defined with more detail later. Therefore: 

0x =  
cell e

e e e

nJ
j j D

q x0 0

−

− − −− +

∂
= = −

∂
                                   (5.20) 

At the semiconductor/electrolyte interface x L= , there are no electrons crossing 

the semiconductor into the electrolyte solution, so:  

x L=  e
n

x
0

−∂
=

∂
                                     (5.21) 

Within the volume from x L=  to x b=  only hydroxyl ions species are present.  
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5.2.2. HOLES BALANCE 

The general form of the continuity and transport equation applied to holes is:  

h h

h h

n j
G x R x

t x
( ) ( ) 

+ +

+ +

∂ ∂
= + −

∂ ∂
                                                (5.22) 

Again, when the semiconductor absorbs solar radiation with enough energy to 

excite an electron from valence band to the conduction band, an electron-hole pair is 

created. As so, electrons and holes are generated at the same rate:  

L x

inje h
G x G x I

( )( )

0( ) ( ) ( ) exp− +
− −= = α λη α λ                         (5.23) 

A radiative recombination phenomenon is considered, so a hole in the valence band 

reacts with an electron from the conduction band and the correspondent energy is 

dissipated. The recombination of a hole with a conduction band electron occurs at the 

same rate of the spontaneous transition of an electron from the conduction band to 

an unoccupied state in the valence band: 

e eq

e h

+h
n n

R =R
τ

−

− +

∆
=           (5.24) 

The hole flux at any position of x is described by:   

h

h h

n
j D

x

+

+ +

∂
= −

∂
 � 

2

2
h h

h

j n
D

x x

+ +

+

∂ ∂
= −

∂ ∂
                     (5.25) 

Thus, the continuity and transport equation applied to the holes can be written as 

follows: 

2

( )( )

02
( ) exp

e eq hL xh h
injh

nn n
D I

t x

α λη α λ
τ

− ++ +

+
− −

∆∂ ∂
= + −

∂ ∂
        (5.26) 

It is assumed that the initial concentration of holes, for t 0= , is the dark 

equilibrium concentration, which is given by Equation (5.15). As mentioned, the holes 

do not travel through the external circuit; rather they react with the hydroxyl ions at 
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the semiconductor/electrolyte interface. Thus, the boundary conditions applied to 

holes are: 

h
n

x
x

0 0
+∂

= =
∂

             (5.27) 

L L

h h
x L j j

− +

+ += =                (5.28) 

where:                       

L h

h h

n
j D

x

− +

+ +

∂
= −

∂
           (5.29) 

L

VBh h
j k n

+

+ += ∆            (5.30) 

5.2.3. HYDROXYL IONS BALANCE  

Hydroxyl ions are formed on the counter-electrode by reduction of water to H2. 

Then the OH
-
 ions diffuse to the semiconductor surface to oxidize holes, producing O2.  

The generation and recombination (consumption) of hydroxyl ions only occur in the at 

the counter-electrode and semiconductor interfaces and not in the electrolyte bulk 

layer. Consequently, between x L=  and x b=  the continuity and transport equation 

only considers the hydroxyl ions diffusion from the counter-electrode to the 

semiconductor surface as follows:  

b b

OH OH

OH

n n
D

t x

2

2

− −

−

∂ ∂
=

∂ ∂
              (5.31) 

Also here the migration term was neglected. Finally, the initial and boundary 

conditions may now be defined for the hydroxyl ions in the spatial range of L x b≤ ≤ : 

-

init

OH- OH- OH
t= n =n n

L b
0 =                                     (5.32) 
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As mentioned at the interface x L= , the hydroxyl ions at the 

semiconductor/electrolyte interface react with the holes.  

L L

h OH
x L j j

− +

+ −= =                (5.33) 

where:                       

L

VBh h
j k n

−

+ += ∆            (5.34) 

L OH

OH OH

n
j D

x

+ −

− −

∂
= −

∂
          (5.35) 

The total amount of the redox species contained in the semiconductor nanoporous 

and in the free electrolyte volume remains constant during the PEC cell operation. 

This may be described as:  

( ) ( )
b

b init

OH OH

L

x b n x dx n b L− −= = −∫                                   (5.36) 

5.2.4. ELECTROLYTE-PLATINUM CONTACT: BUTLER-VOLMER EQUATION 

Equations (5.18), (5.26) and (5.31) are the transport and continuity equations for 

the three charged species that with the respective initial and boundary equations 

form PEC cell dynamic model. All the conditions are described and well defined 

mathematically; however, additional information is required for the electrons 

boundary condition at x 0= . At position x 0+= , it was defined that the current 

density flowing in this boundary results from the electrons transport by diffusion 

through the semiconductor, which corresponds in steady-state conditions to the net 

current density, Jcell, generated by the cell. This variable Jcell corresponds to the 

current returning to the cell via counter-electrode and is consequence of the external 

potential difference applied to the cell, bias. Consequently, the electrolyte/platinum 

interface can be treated as an electrochemical half-cell well described by the Butler-

Volmer equation:  
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( )
( )

( ) ( )
( )( ) ( )

( )H O H PtOHPt
cell ref

ref ref
H O B B

H OH

n b n b n b nqnq
J J

n b k T k Tn b n b

2 2

2
2

2

0 2

1
exp exp

−

−

  − −   = −        

β ηβ η
             (5.37) 

Equation (5.37) is considered as the cornerstone of electrochemical kinetics and it is 

used as starting point to describe how current and voltage are related in 

electrochemical systems.
[23]

 The Butler-Volmer equation defines an exponential 

relation between the electrical current crossing the electrolyte/platinum interface 

and the activation overpotential in the platinum wire cathode - Ptη , where water is 

reduced to hydrogen gas with the consumption of two electrons ( n 2=  in Equation 

(5.37)). The platinum overpotential is regarded as the voltage that is sacrificed (lost) 

to overcome the activation barrier associated with the electrochemical reaction. All 

the concentrations of the involved species 
2 2H O H OH

n n n, , −  have to be made 

dimensionless with respect to a reference concentration: ref ref ref

H O H OH
n n n

2 2
, , − . For dilute 

solutions in pure water at a given pressure, water concentration is virtually constant. 

So, if pure water at approximately atmospheric pressure is taken as the standard state 

for H2O, H O
n

2  
and ref

H On
2

concentrations in Equation (5.37) are equal. Additionally, the 

reference concentration for the hydroxyl ions is its initial concentration, while the 

reference hydrogen concentration is 8.465x10
-5

 mol dm
-3

;
[24]

 the later value is the 

maximum solubility of hydrogen in water at 1 bar and 25 ºC. 

5.2.5. OVERPOTENTIALS 

The photogenerated electrons percolate through the semiconductor bulk until the 

TCO layer and from this to the external circuit reaching the counter-electrode where 

they drive the water reduction reaction. Since the electrolyte contains two effective 

redox couples, then the respective oxidation and reduction reactions at the anode 

and cathode are different. This leads to a net chemical change in the electrolyte 

where the incident light is converted into chemical free energy of the net oxidation-

reduction reactions generated in the electrolyte.
[25]

 



UNSTEADY STATE PHENOMENOLOGICAL MODEL  

 

151 

The general energetics and kinetics of charge transfer reactions at semiconductor-

electrolyte interfaces have been extensively studied, both theoretically and 

experimentally. The basic assumption of the theoretical models is that electron 

transfer can only occur between electronic states in the semiconductor and the 

electrolyte that are at the same energy level. As illustrated in Figure 5.2, the 

semiconductor energy bands (ECB and EVB) in relation to the redox levels of the 

aqueous electrolyte is not favorable for photoelectrolysis without applying a bias 

voltage. Thus, for these systems, hydrogen production only occurs when electrons 

arrive at the counter-electrode with sufficient energy for reducing water. Additionally, 

besides the needed energy for splitting water ( )G nF 1.23 eV∆ = , it also needs to 

overcome the overpotentials at the anode, cathode and ohmic losses, aη , Ptη  and 

ohmicη , respectively. Therefore, the following energy balance can be written:
[25]

  

Bias g B F a Pt ohmic

G
E E E E

nF
η η η∆+ − − ∆ = + + +        (5.38) 

The sum of the terms on the left-hand side of equation (5.38) represents the net 

photon energy (as an electron-hole pair) available for doing the electrochemical work 

indicated in the terms on the right side of the equation. The term BiasE in the left-hand 

side is added when an external bias is being applied to the PEC cell for successfully 

producing hydrogen.
[25]

  

The difference between the OH
-
/O2 redox potential and the valence band edge at 

the interface is defined as the intrinsic overpotential of the semiconductor anode aη . 

This definition is not a conventional overpotential since it is current independent and 

it is determined only by the valence band potential and the redox potential of the 

electrolyte donor state, as follows: 

a VBE E -
2OH O

= −η                        (5.39) 

where the oxidation potential of water is directly related to the water reduction 

potential by the standard free enthalpy for water splitting (1.23 eV): 
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E E-
2 22

H O HOH O
1.23= −                         (5.40) 

In its turn, the electrochemical potential of water reduction to hydrogen at the 

platinum electrode is given by the Nernst equation: 

( ) ( )H OHB

st

n b n bk T
E E

q n

2

2 2 2 2

2

H O H H O H 3
ln

2

−
= −�         (5.41) 

where 
 stn

 
is the standard concentration, defined as a reference concentration of 1 

mol·dm
-3

.  

The ohmic losses through the electrode with area A may be written in terms of an 

ohmic resistance, Rohmic: 

ohmic cell ohmicJ ARη =           (5.42) 

The band banding term arises when a semiconductor is brought into contact with 

an electrolyte solution; the equilibrium concerning the electrochemical potential 

between the two phases is established by electron transfer across the interface such 

as:  

B F fbE E E= −            (5.43) 

where EB is the band banding potential and Efb is the flat band potential. Since no 

electric field was considered this term was neglected in the energy balance.  

Inserting equations (5.39) - (5.43) into equation (5.38) and knowing the current 

density cellJ  it is possible to compute the cathode overpotential, Ptη . Then, inserting 

the cathode overpotential in the Butler-Volmer equation, this can be solved for 

obtaining the net current density cellJ  at a given applied external bias potential BiasE . 

The implicit set of equations can be solved numerically. 

Parameter BiasE
 

is of great importance since it determines the possibility of 

hydrogen evolution to occur. As mentioned, for an efficient water cleavage the 

conduction band edge of the n-type semiconductor needs to be positioned at a more 
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negative potential than the reduction potential of water, i.e. 
2 2H O HCBE E< �

, while the 

valence band needs to be positioned at a more positive potential than the water 

oxidation potential, i.e. 
VB OH O

E E
2

−> � . Nevertheless, for a thin film of hematite, the 

conduction band does not fulfill the required potential for the water reduction and so 

an external bias potential has to be given to the system. Consequently, three different 

situations can be identified according with the applied bias: i) BiasE 0= , ii) BiasE  higher 

than zero but not enough to carry out the water reduction reaction, and iii) BiasE  is 

high enough to reduce water into hydrogen. Under operating conditions a net current 

density is only observed if situation iii) is verified. Important to mention that the 

produced photocurrent is limited by the reactant’s concentration that, for the water 

photosplitting reaction, is the minority charge carriers’ concentration – the holes. This 

concentration loss overpotential is used to describe the maximum photocurrent 

density plateau in the characteristic curve and depends on the theoretical generated 

current under illumination by the hematite, calculated as follows: 

0

exp( )
1

1

SC

g

h

d
J qI

L +

 −= − 
+  

α

α
                       (5.44) 

Since it was not considered the formation of a space charge region, the space 

charge layer distance SCd  in Equation (5.44) was assumed to be the semiconductor 

thickness L. 

5.2.6. DIMENSIONLESS EQUATIONS  

To avoid instability and to improve the time of convergence of the numerical 

simulator, the model variables were made dimensionless with respect to electron 

parameters and the thickness of the semiconductor L: 

* x
x

L
= , 

* i
i

ref

n
n

n
= , 

* i
i

ref

D
D

D
= , 

* i
i

ref

μ
μ

μ
=  ( )e , h , OHi − + −=  
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ref

t
=θ

τ
,

J
J

J

* cell

cell

0

= , 
αL η I

Da
D n

2

inj 0

ref ref

= , γ αL= , 
ref

k
L

D
Φ =  and VB

ref

+h

k
L

D
Φ =  

Introducing suitable dimensionless parameters, the continuity equations for the 

three charge carrier species and the respective initial and boundary conditions 

become:  

ELECTRONS 

( ) ( )*
* 2 *

1* 2 * *

*2
exp

xe e

e e eq h

n n
D Da n n

x

γ Φ ∆
θ

− −

− − +

− −∂ ∂
= + −

∂ ∂
                     (5.45) 

Initial condition 

* *n (x , )=n*

eq0; 0=θ          (5.46) 

Boundary conditions  

ref ref e

cell e

x

nn D q
x J D

J L x
*

*

* * *

*

0
0

0;
−

−

+=

 ∂
 = =
 ∂
 

            (5.47) 

e
n

x
x

*

*

*
1; 0

−∂
= =

∂
         (5.48) 

HOLES 

( ) ( )*
* 2 *

1* 2 * *

*2
exp

xh h

h e eq h

n n
D Da n n

x
Φ ∆+ +

+ − +

− −∂ ∂
= + −

∂ ∂
γ

θ
                                                            

(5.49) 

Initial condition 

* *

h h eq
0; 0*n (x , )=nθ + +=                       (5.50) 

Boundary conditions  

h
n

x
x

*

*

*
0; 0

+∂
= =

∂
            (5.51) 
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( )+

+ +

* h

* h h

n
x = =Φ n -n

x

*

2 * *

h eq
1; +

∂
−

∂
                      (5.52) 

HYDROXYL IONS  

OH OH

OH

n n
D

x

* 2 *

*

2*

− −

−

∂ ∂
=

∂ ∂θ
                                     (5.53) 

Initial condition 

-

init*

OH
= n =n nL* b*

OH OH
0; − − =θ                         (5.54) 

Boundary conditions  

( ) OH

h eq
x

+

+ +

*

* 2 * *

*h h

n
1; Φ n -n

x

−

+

∂
= = −

∂
                            (5.55) 

( )* * * * *

1

; 1

b
L

b init

OH OH

b b
x n x dx n

L L
− −

 = = − 
 

∫                       (5.56) 

 

To describe the mobile species history in a PEC cell, it is necessary to solve 

equations (5.18), (5.26) and (5.31) with the respective boundary and initial conditions. 

The partial differential equations were spatially discretized using the finite differences 

method. The time integration was accomplished by LSODA 
[26]

, a numerical package 

developed at the Lawrence Livermore National Laboratory. The set of implicit 

equations was solved using the Newton-Raphson algorithm. 

5.3. EXPERIMENTAL  

The steady-state modeling results were compared with experimental data obtained 

for a large semiconductor hematite photoelectrode prepared by the spray pyrolysis 

method in-house made photoelectrochemical cell.
[17]

 

The hematite films were prepared at LPI - EPFL laboratories (Lausanne, 

Switzerland), as described elsewhere.
[27]

 Iron (III) acetylacetonate was sprayed to a 

tetraethoxysilicate (TEOS)-pretreated substrate of FTO (glass 30 mm × 12 mm; TEC 15, 
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Hartford Glass Co.; 15 V/□). The spray setup consisted of an ultrasonic spray head 

(Lechler company, US130) set 30 cm over the substrates, which were placed on a hot 

plate heated at 550 ºC (corresponding to a measured substrate surface temperature 

of 400 ºC). An automatic syringe pump was used to deliver 1 mL of a solution 

containing 10 mM of Fe(acac)3 (99.9+, Aldrich) in EtOH (≥ 99.8 % Fluka) to the spray 

head, every 30 seconds at a rate of 12 mL·min
-1

 (spray length of 5 s). The carrier gas 

(compressed air) flow, used to direct the spray to the substrates, was set to 15 

L·min
-1

. 

The photocurrent-voltage (J-V) characteristic curves were obtained applying an 

external potential bias to the cell and measuring the generated photocurrent using an 

Autolab/PGSTAT302N workstation controlled by Nova software package (Nova 

version 1.10). The electrochemical measurements were performed in 2-electrode 

configuration, using the hematite photoelectrode as working electrode and a Pt wire 

as the counter-electrode, both immersed in a 1 M NaOH aqueous electrolyte solution 

(pH = 13.6). The measurements were performed in dark and under simulated sunlight, 

AM 1.5 G (1000 W Xe lamp, 1000 W·m
-2

, 25 ºC) calibrated with a c-Si photodiode, at a 

scan rate of 50 mV s
-1

.  

 

5.4. RESULTS AND DISCUSSION 
 

5.4.1. J-V CHARACTERISTIC  

The results of the proposed model/simulator were compared with experimentally 

obtained J-V characteristic curves of hematite, for various bias potentials, for 

assessing the model ability to reproduce the experimental values. The experimental 

current density as a function of the applied potential, in a 2-electrode configuration, 

was reported against the normal hydrogen electrode (NHE). The experimental data 

used for simulation purposes are compiled in Table 5.1, together with the data 

source. The model has three fitting parameters, exchange current density, 0J , 

asymmetric parameter, β , and the ohmic resistance, ohmic
R . 

 



UNSTEADY STATE PHENOMENOLOGICAL MODEL  

 

157 

Table 5.1 - Simulator input parameters. The values extracted from the literature are indexed to the 

corresponding reference, the values of the experimental set-up are identified as “Exp.” and the model 

values fitted to the experimental J-V curve are identified as “Fit”. 

Parameter Value Reference 

A 49 cm
2
 Exp. 

b 1 cm Exp. 

in it

O H
C −  1 M Exp. 

e
D −  4.07 × 10

-2
 cm

2
 ·s

-1
 [28] 

h
D +  2.60 × 10

-4
 cm

2
 ·s

-1
 [28] 

OH
D −  5.26 × 10

-5
 cm

2
 ·s

-1
 [23] 

ECB -0.6 eV [5] 

EVB 1.6 eV [5] 

 -0.828 eV [5] 

2/O OH
E −

°
 0.402 eV [5] 

0I  1.47 × 10
17

 cm
-2

·s
-1

 [29] 

0J  3.0 × 10
-5 

mA·cm
-2

 Fit 

VBk  0.1 cm·s
-1

 [18] 

L 30 nm Exp. 

CB
N  4.0 × 10

20
 cm

-3
 [30] 

pH 13.6 [29] 

ohmic
R  20 Ω Fit 

T 298 K [31] 

τ  0.01 ns [28] 

( )α λ  1.0 × 10
5
 cm

-1
 [28] 

β  0.50 Fit 

/G nF∆  1.23 eV [5] 

 

2 2/H O HE °
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Figure 5.3 shows the comparison between the experimental and simulated J-V 

characteristic curves. The model and the experimental values agree quite well for all 

applied bias potential considered. Nevertheless, small differences between 

experimental and simulated curves are visible mainly before the final current plateau, 

between 0.5 V and 0.8 V, which are related to some structural properties of the 

material that are not fully described by the present model; for instance the space 

charge layer and the surface states recombination.
[6]
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Figure 5.3 - Experimental (squares symbols) and simulated (red line) J-V characteristic curves under 1 sun 

front illumination. 

 

The developed model is accurate describing the experimental characteristic curve 

for high-applied bias potentials. Figure 5.4 shows the steady-state electrons and holes 

concentration profiles across the 30 nm hematite semiconductor under 1-sun front 

illumination conditions. As mentioned, since the semiconductor is front illuminated, 

most of electrons and holes are generated at the surface in contact with the 
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electrolyte solution. From the left axis on Figure 5.4, it is visible that electrons 

concentration profile at x 0= , shows the maximum gradient where electrons flow to 

the external circuit to reach the counter-electrode. In its turn the maximum profile 

gradient of holes mobile charges is observed at x b=  where they react with the 

hydroxyl ions to produce oxygen. The density of electrons is considerable higher than 

the density of holes and it slightly varies from the equilibrium.  
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Figure 5.4 - Simulated electron (left) and holes (right) densities profiles. 

 

In what concerns the electrolyte bulk ( L x b< < ), only OH
-
 ions exist over it; they are 

generated at x b=  in the counter-electrode surface and travel to the semiconductor 

surface to react with the holes for oxygen evolution.  
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Figure 5.5 - Simulated hydroxyl ions concentration profiles in the electrolyte bulk. 

 

Since the main goal of this phenomenological model is to simulate a PEC cell 

operating under real conditions for hydrogen evolution, a two-electrode configuration 

was used. The electrodes potential strongly affects the electrolyte reaction that 

specifically occurs at their surfaces. This current-potential dependence is mainly 

described by the Butler-Volmer equation applied to the Pt-wire counter-electrode. 

For hydrogen evolution at the Pt counter-electrode, an extra bias should be applied. 

Additionally, when there is a significant current flowing, the system should be 

polarized to maintain those values of current.
[16]

 This potential increase, as mentioned 

before, is called overpotential and labeled as
Pt

η .  

Figure 5.6 plots the platinum overpotentials as a function of the produced current 

density. A quasi-exponential relation is observed, reaching a maximum plateau at 

ηPt 0.07 V= . In the inset plot of Figure 5.6 is plotted the 
Pt

η  as a function of the ln(J); 

the Tafel relation fits quite well to the simulated values; from the slope and 

interception of the curve with the abscissas axis is possible to calculate 0
J

 
and β  

parameters of the Butler-Volmer equation. These parameters are 0
J = 4.8x10

-5
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mA·cm
-2

 and β = 0.50, which compares very closely with the parameters introduced 

into the simulator (see Table 5.1). One may then conclude that the model was 

accurately implemented. 
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Figure 5.6 – Simulated platinum overpotential (left) and applied potential (right) vs. current density. The 

Pt
η vs. ln(J) is represented in the inset plot. 

 

The magnitude of the overpotential depends on the reaction kinetic parameters; 

indeed the overpotential depends mainly on the asymmetry parameter β  and on the 

exchange current density parameter J0. The exchange current density, J0, represents 

the “rate of exchange” between the reactant and the product states at equilibrium;
[23]

 

J0 is the current flowing through the system in the absence of net current and at zero 

overpotential. By contrast to the asymmetric parameter, the exchange current 

density is a multiplicative factor, affecting both branches on the total current equally. 

From Figure 5.7 it is observed that increasing the J0 parameter, the current density 

also increases. In the literature it is possible to find J0 values of 1x10
-4

 A·cm
-2

 for 

platinum in an alkaline medium;
[32]

 this value was the starting point to obtain the best 

fitting value 3x10
-5

.   
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Figure 5.7 - Exchange current density parameter effect on the current-potential characteristics curves. 

The solid red line is the reference case as presented in Table 5.1.  

 

In a 2-electrode configuration, the working and the counter-electrodes are 

connected to the workstation. The 2-electrode configuration allows studying the 

overall charge transfer phenomena occurring at the semiconductor, in the electrolyte 

and at the counter-electrode side of the cell. Other important parameter that 

influences the electrochemical reaction kinetics is the ohmic losses. This resistance is 

called ohmic because it obeys the ohm’s law and corresponds to the voltage that is 

expended or sacrificed in order to accomplish the transport of charges.
[23]

 Figure 5.8 

represents the J-V characteristic curve for three different ohmic resistances; here it is 

observed that a proportional relation is observed between the Rohmic and the 

photocurrent. This is in fact quite obvious since decreasing the ohmic resistance, the 

transport of electrons is facilitated and the current increase. For this case the plateau 

current is achieved at lower applied potentials, while for high ohmic resistances 

almost a linear relation is observed between current and applied voltage. 
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Figure 5.8 - Ohmic resistance effect on the current-potential characteristics curves. The solid red line is 

the reference case as presented in Table 5.1 

 

5.5. CONCLUSIONS 

A comprehensive dynamic phenomenological model applied to 

photoelectrochemical cells was developed. For the first time a model that describes 

quite well the characteristic curves from current on-set to the final plateau for several 

bias potentials is presented. The model is validated by critically comparing the 

simulated characteristic curves to the experimental curves obtained with a PEC cell 

equipped with a large size hematite photoanode. 

The simulated steady-state current density gradients of the mobile species e
-
, h

+
 

and OH
-
 were obtained within the semiconductor material and within the electrolyte 

bulk. It was possible to observe that electron species shows a maximum gradient near 

to the current collector. In its turn, the holes presented a maximum gradient near the 

semiconductor surface with the electrolyte; similar behavior was observed for the 

hydroxyl ions between x L=  and x b= . 
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The Butler-Volmer approach, which correlates the produced current with the 

applied voltage and overpotentials for the studied electrochemical system, was 

subject of a deeper analysis. The influence of two parameters affecting the Butler-

Volmer kinetics was studied: the exchange current density, J0, and the ohmic 

resistance. The results showed that decreasing J0 the produced current also 

decreases. The ohmic resistance was proved to have great influence on the J-V 

characteristic curve. 
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NOMENCLATURE 

Abbreviations  Definition Unit 

A - Photoelectrode area m
2
 

b - Cell thickness m 

Ci - Concentration of species i M 

dSC - Space charge layer width  m 

i
D  - Diffusion coefficient of species i  m

2
·s

-1
 

b

iD
 

- Diffusion coefficient of species i in the liquid bulk  m
2
·s

-1
 

L

iD
 

- Diffusion coefficient of species i in the liquid in the pores m
2
·s

-1
 

E - Macroscopic electric field  V·m
-1

 

EB - Band banding  V 

ECB - Conduction band energy eV 

Efb - Flat band energy eV 

EF - Fermi level energy eV 

EF,n - Electron Fermi level energy eV 

EF,p - Hole Fermi level energy eV 

Eg - Bandgap energy  eV 

E
2 2H O/H

°
 - Standard water reduction energy eV 

E -
2OH /O

°
 - Standard water oxidation energy eV 

Eredox - Redox potential of the electrolyte eV 

EVB - Valence band energy  eV 

F - Faraday constant  C·mol
-1

 

Gi - Generation rate of species i m
-3

·s
-1

 

h - Planck constant J·s 

I0 - Incident photon flux corrected for reflection losses  m
-2

·s
-1

 

J - Current density A·m
-2

 

ji - Current density of species i  A·m
-2

 

J0 - Exchange current density at Pt electrode A·m
-2

 

Jcell - Generation current density by the cell A·m
-2

 

Jg - Generation current density  A·m
-2

 

kB - Boltzman constant, 1.3806503 × 10
-23

 J·K
-1
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e
k −  - Back reaction rate constant s

-1
 

VBk  - Valence band reaction rate constant cm·s
-1

 

L - Thickness of the semiconductor  m 

L
h

+  - Holes diffusion length m 

Ln - Diffusion length  m 

*

e
m −  - Effective electron mass kg 

n - Number of electrons transferred in the reaction  

ni - Density of species i m
-3

 

nint - Intrinsic carrier concentration m
-3

 

neq - Dark equilibrium electron concentration m
-3

 

nref - Reference particle density  m
-3

 

NCB - 
Effective density of states in the hematite conduction 

band 

m
-3

 

NVB 
- Effective density of states in the hematite valence band m

-3
 

q - Elementary charge , 1.60217646 × 10
-19

 C 

Ri - Recombination rate of species i  m
-3

·s
-1

 

ROhmic - Ohmic resistance Ω 

T - Absolute temperature K 

t  - Time s 

V - Applied potential  V 

x - Coordinate  m 

    

Greek Symbols  Definition  

( )α λ  - Wavelength-dependent absorption coefficient  m
-1

 

β  - Asymmetry parameter  

0
ε  - Permittivity of free space, 8.85419 × 10

-12
 F·m

-1
 

ε  - Dielectric constant   

injη
 

- Electron injection efficiency  

Ohmic
η

 
- Ohmic overpotential  V 

Pt
η  - Overpotential at Pt electrode (cathode)  V 

τ  - Electron lifetime ms 
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i
μ  - Mobility of species i cm

2
·V

-1
·s

-1
 

G∆  - Free energy for the overall cell reaction  J 

    

Superscripts  Definition  

* - dimensionless  

init - Initial conditions  

0
+
 - Point close to the photoanode  

0
-
 - External point of the current collector  

L
+
 - Point inside the photoanode close to the surface   

L
-
 - Point outside the photoanode close to the surface   

i - e
-
, h

+
 and OH

-
  

    

Subscripts  Definition  

Bias - External bias   

CB - Conduction Band  

e
-
 - Electrons  

h
+
 - Holes  

OH
-
 - Hydroxyl ions  

VB - Valence Band  

    

Abbreviations  Definition  

CB - Conduction Band  

PEC - Photoelectrochemical   

SCR - Space charge region  

TCO - Transparent conductor oxide  

VB - Valence Band  
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GENERAL CONCLUSIONS AND OUTLOOK  

 

This thesis focus on the study of photoelectrochemical cells for water splitting and 

concerns mainly electrochemical performance characterization and 

phenomenological understanding, both targeting further optimization. To accomplish 

these goals a computer controlled test bench was designed for investigating the 

photocurrent/voltage characteristics and for performing conventional 

electrochemical characterization – EIS, CV and IMPS/IMVS (chapter 2). A critical 

problem concerning photo-water splitting cells is the energetic requirements of the 

photoelectrode. Therefore, this thesis contributes for the understanding of the 

behaviour of the semiconductor layer and the semiconductor/electrolyte interface 

based on data obtained by electrochemical impedance spectroscopy (chapters 2 and 

3). Moreover, an innovative PEC cell reactor was designed and built for testing PEC 

cells under indoor and outdoor conditions, able to integrate photoelectrodes up to 10 

x 10 cm
2
 size (chapter 4).  Finally, there is still a deficit on the understanding of the 

overall behaviour of PEC cells under operating conditions. Thus, a transient 

phenomenological model applied for PEC devices was developed, where kinetic 

parameters of the Butler-Volmer equation were studied (chapter 5). The conclusions 

for each chapter are summarized below. 

ASSEMBLE OF A BENCH-TEST DEVICE WITH IMPEDANCE CAPABILITIES  

A brief description of the test bench developed to obtain the steady-state J-V 

characteristics and to apply the dynamic technique of EIS is given. Particular emphasis 

was given to the two different electrode configurations, namely the 2- and 3- 
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electrode configurations. Photoelectrodes of Fe2O3 were used; this type of 

photoanode showed significantly electron transport limitations, producing a low 

photocurrent density of about 89.7 µA∙cm
-2 

at an applied bias voltage of 1.23 VRHE. In 

both configurations, the impedance analysis showed that the charge transfer 

resistances are significantly reduced under irradiation. With a 2-electrode 

configuration it is difficult to estimate the semiconductor and the electrolyte 

impedances due to the overlap between these two components of the PEC cell. 

Moreover, the phenomena under illumination and the dark are different and need to 

be represented by different electrical analogues. The 3-electrode configuration 

allowed the separation of the overall processes occurring in the 

semiconductor/electrolyte interface, enabling to evaluate the charge transfer 

phenomena at the depletion and Helmholtz layers.  

EIS STUDY OF HEMATITE SAMPLES WITH DIFFERENT THICKNESSES  

The electrochemical behavior of hematite photoanodes with different thicknesses 

was assessed by electrochemical impedance spectroscopy under dark conditions. The 

impedance spectra obtained were fitted to a simple electrical analogue describing the 

phenomena occurring in the semiconductor/electrolyte interface as well as in the 

semiconductor bulk/depletion layer. For validation purposes of the electrical 

analogue, four samples of hematite prepared by spray pyrolysis with different 

thicknesses (11.8, 14.5, 24.7 and 28.6 nm) were characterized. The proposed 

electrical analogue considers a series resistance with two RC circuits in series: RSC and 

CSC, which characterize the semiconductor bulk/depletion layer resistance and the 

space charge capacitance, respectively; RCT and CH represent the charge transfer at 

semiconductor/electrolyte interface and the Helmholtz capacitance, respectively. The 

electrochemical impedance spectroscopy analysis showed relevant information about 

the major internal charge transfer resistances, as well as the main charge 

accumulation zones in the photoelectrodes and in the semiconductor/electrolyte 

interface, under dark conditions. The EIS data allows to identify and individualize 

these two zones, which respond at different frequencies, by using photoelectrodes 
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with different thicknesses. Even though the thicker photoelectrodes showed higher 

semiconductor resistances, they exhibited lower charge transfer resistances values in 

the interface with the electrolyte, resulting in better performances; this effect was 

assigned to the higher electrical fields exhibited by the thicker samples (lower CSC). 

The space charge and charge transfer resistances obtained by EIS technique allowed 

determining the optimal hematite thickness that maximizes the photocurrent density 

– ca. 20 nm. For the two thinnest samples, it was observed that the space charge 

layer width and consequently the photo-response were limited by the semiconductor 

thickness. Through the Mott-Schoktty analysis, the flat band potential and the donor 

density values were obtained for the two thicker samples. Under dark conditions, the 

proposed electrical analogue fits quite well the EIS spectra. However, when 

illuminated other contributions may arise making necessary to apply other elements 

to the analogue circuit to fully characterize the PEC system.  

NEW AND INNOVATIVE PEC CELL 

Following the need for developing photoelectrochemical devices with an optimized 

design that allows reaching a commercial performance level, in the present work an 

innovative PEC cell is described for testing different photoelectrodes configurations, 

suitable for continuous operation and where evolved gases are easily collected. The 

new PEC cell was assessed using three different photoelectrodes: WO3 applied on 

metal, WO3 applied on TCO-glass substrate and hematite deposited on TCO-glass 

substrate. The WO3 photoelectrodes were deposited by two different techniques: i) 

anodization of WO3 on a metal substrate and ii) deposition of WO3 on a TCO glass 

substrate by blade spreading. Hematite photoanode was deposited by the ultrasonic 

spray pyrolysis (USP) method. Although the highest photocurrent density was 

obtained with WO3-metal photoelectrode, ca. 0.90 mA∙cm
-2

 at 1.45 VRHE, it was with 

the transparent WO3 photoelectrodes that the proposed Teflon
®
 diaphragm was 

successfully implemented in the new PEC cell, with ca. 47 % photocurrent density 

enhancement. It should be emphasized that a thinner and pre-treated Teflon
®
 

diaphragm for removing the air trapped in the pores should result in a negligible extra 
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charge transport resistance. The use of the Teflon
®
 diaphragm on the top of the cell 

was another important feature of this newly disclosed PEC device. Its usage on top of 

the cell allows tilting the cell with no leakage in a tracking system for harvesting the 

maximum solar radiation at each moment; this is actually a crucial feature for outdoor 

applications.  

PHENOMENOLOGICAL MODEL OF LARGE SIZE HEMATITE SEMICONDUCTORS 

A comprehensive dynamic phenomenological model applied to 

photoelectrochemical cells was developed. This model perfectly describes the 

characteristic curves from its current on-set to the final plateau. With only three 

fitting parameters the reported current density agrees quite well with the 

experimental data obtained with a large size hematite photoanode for all the applied 

bias potentials.  

The simulated steady-state current density gradients of the mobile species e
-
, h

+
 

and OH
-
 were obtained within the semiconductor material and within the electrolyte 

bulk. It was possible to observe that electron shows a maximum gradient near to the 

current collector. In its turn, the holes presented a maximum gradient near the 

semiconductor surface with the electrolyte; similar behavior was observed for the 

hydroxyl ions between x L=  and x b= . 

The Butler-Volmer approach, which correlates the produced current with the 

applied voltage and overpotentials for the studied electrochemical system, was 

subject of a deeper analysis. The influence of two parameters affecting the Butler-

Volmer kinetics was studied: the exchange current density, J0, and the ohmic 

resistance. The results showed that decreasing J0 the produced current also 

decreases. The ohmic resistance was proved to have great influence on the J-V 

characteristic curve. 
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OUTLOOK 

In the past few years, photoelectrochemical devices for hydrogen production from 

solar energy has been growing fast, not only because it is a totally clean and 

environmentally friendly technology, but also because it brings a much needed 

solution for storing energy. 

Photoelectrochemical hydrogen production is not yet commercial; in fact there are 

some key challenges that must be addressed to turn it into an economically viable 

option. Improving the efficiency of these systems is the number one challenge and 

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

splitting is the choice of suitable photoanode and/or photocathode materials.  

A suitable photoelectrode should have high charge transport efficiency through the 

semiconductor and at the semiconductor/electrolyte interface; this may be achieved 

by doping the semiconductor material to obtain small depletion layer width or, 

alternatively, by using the host-guest approach where the light absorption and water 

oxidation roles are decoupled from the electron conduction. Nevertheless, the water 

reduction remains an unsolved problem and an external bias must be added to 

overcome the energetic needs. From the phenomenological point of view, current 

flow in a PEC system is mostly dominated by the system’s overvoltages; modifying the 

semiconductor conduction and valence bands’ potentials positions will result ideally 

in an unbiased PEC system. 

It is believed that the next generation of solar energy capture and storage in the 

form of a chemical fuel is via hybrid photoelectrochemical-photovoltaic (PEC-PV) 

tandem devices. This concept is based on a visible light-absorbing metal oxide 

photoelectrode, which is immersed in water and placed in front of a smaller-bandgap 

thin film PV cell. The metal oxide protects the underlying PV cell from photocorrosion 

ensuring an optimal use of the solar spectrum. Recent breakthroughs have brought 

metal oxide photoelectrodes close to the efficiency levels required for practical 

applications. Thus, combining large-area PV technology with an innovative PEC cell 

design, a real PEC cell prototype capable of producing a photocurrent of about 8 
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mA∙cm
-2

, the minimum required to reach 10 % efficiency, the target for 

commercialization. 

The new PEC cell can be optimized for even larger photoelectrodes disposed in a 

series combination as illustrated in Figure 6.1.  

    

Figure 6.1 - New PEC cell prototype for outdoor applications.
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