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“I am not the same man  

I was a while ago 

I’ve learnt some new things,

I hope that it shows.”

“Homefires”, Neil Young 
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In Search of the Holy Grail of
Photoelectrochemistry 

A Study of Thin Film Electrodes for Solar Hydrogen Generation 

What is the aim of this thesis? 

To utilize solar energy to photoelectrochemically split water, so 
called artificial photosynthesis. Multiple inexpensive and stable 
semiconductor electrodes (of mainly nanostructured character) were 
designed and photoelectrochemically characterized. 

What is new in this thesis? 

Nanostructured WO3 electrodes with a quantum yield close to unity 
were designed and photoelectrochemically characterized, paper I.
Hematite nanorods were synthesized and characterized for the aim of 
water oxidation, paper II.
A unique nitrogen doped TiO2 material, photoactive in visible light, 
was obtained by reactive sputtering. The material has interesting 
photoelectrochemical properties and is also promising for related 
applications such as pollution degradation by photocatalysis, paper 
III-V.
Indium nitride, InN, was produced by sputtering. Electrodes of the as 
prepared InN as well as electrodes annealed in nitrogen were studied 
for the aim of photooxidation of water, paper VI.

Extras: 
A short introduction to the hydrogen society and solar photovoltaics 
is given in the Introduction. A detailed review, describing theory 
and the state-of-the art of photoelectrochemical, PEC cells for 
hydrogen evolution is found in Chapter 1. In Chapter 2 the used 
photoelectrochemical techniques are briefly described as well as the 
preparation method of the semiconductor electrodes. In Chapter 3
the major results from articles I-VI are presented and discussed 
Conclusions and future outlooks are given in Chapter 4. In the final 
chapter, Chapter 5, a short summary in Swedish is given. 
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Abbreviations and Symbols 

In the summary of this thesis, H2 is called hydrogen while H is called 
hydrogen atom. In the articles, which are more directed to researchers and 
those working in this field, the correct word dihydrogen has consistently 
been used for H2.

In the literature and also in this thesis, different ways are used to describe 
solar hydrogen generation in photoelectrochemical cells. Some examples are 
“watersplitting”, “photolysis of water”, “photooxidation of water” or 
“photoinduced hydrogen evolution”. However, they all mean the same as 
long as hydrogen and oxygen are evolved in the ration 2:1 under 
illumination with UV and visible solar irradiation. 
The word “direct” in “direct watersplitting”, indicates that the splitting is 
achieved without an external applied bias potential. 

List of Abbreviations 

AM Air Mass 
APCE Absorbed Photon-to-Current Efficiency (Quantum Yield) 
CB Conduction Band 
CIGS Cadmium-Indium-Gallium-Selenide 
CIS Cadmium-Indium-Selenide 
DSC Differential Scanning Calorimetry 
DSSC Dye Sensitized Solar Cell 
EE Electrolyte/Electrode 
IPCE Incident Photon-to-Current Efficiency 
LED Light Emitting Diode 
NHE Normal Hydrogen Electrode 
NIR Near Infrared 
NSEI Nanostructured Semiconductor/Electrolyte Interface  
PEC Photoelectrochemical  
PEM Polymeric-Exchange-Membrane 
PV Photovoltaic 
SC Semiconductor 
SE Substrate/Electrode 
SEI Semiconductor/Electrolyte Interface  
SEM Scanning Electron Microscopy 
TCO Transparent Conductive Oxide 
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TEM Transmission Electron Microscopy 
UV Ultra Violet 
VB Valence Band 
XPS X-Ray Photoelectron Spectroscopy
XRD X-Ray Diffraction 

List of the Most Common Symbols 

Absorption Coefficient 
G Gibbs Free Energy 

Monochromatic Wavelength 
Energy

C Conduction Band Edge Energy  
F Fermi Level 
g Bandgap Energy 
redox Redox Energy 
V Valence Band Edge Energy 

0 Permittivity of Free Space 

d Dielectric Constant 
Quantum Yield  
Nitrogen Gas Ratio 
Efficiency

n Electron Lifetime 
Frequency of Light 

w Width of the Space Charge Layer 
c Speed of Light 
d Film Thickness 
Dn Electron Diffusion Coefficient 
h Planck Constant 
I  Monochromatic Incident Photon Flux 
j Photocurrent Density 
k Boltzmann Constant 
kext Rate Constant for Electron Extraction  
L Diffusion Length of Minority Carriers 
LD Debye Length 
n0 Concentration of Electrons in the Conduction Band in the Dark 
Nc Density of States in the Conduction Band 
n F* Quasi-Fermi Level of Electrons 
p F* Quasi-Fermi Level of Holes 
p0 Concentration of Holes in the Valence Band in the Dark 
q Elementary Charge 
r0 Radius 
T Temperature 
U Potential 
Ubias Applied Potential (Bias) 
Ufb Flatband potential 
Uon Onset potential 
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Prologue

Alexander Solzhenitsyn writes in “One Day in the Life of Ivan Denisovich”:

-"Listen, captain, where does this science of yours say the old moon goes 
afterward?"  
-"Where does it go? What do you mean? What stupidity! It's simply not 
visible."
Shukhov shook his head and laughed.  
-"Well, if it's not visible, how d'you know it's there?" 
-"So, according to you," said the captain, unable to believe his ears,  
-"it's another moon every month." 
-"What's strange about that? People are born everyday. Why not a new moon 
every four weeks?" 
- "Phaugh!" said the captain and spat.  
- "I've never met a sailor as stupid as you in my life. So where do you think 
the old moon goes?" 
- "That's what I'm asking you. Where does it go?"  
Shukhov showed his teeth in a smile. 
- "Well, tell me. Where does it go?" 
Shukhov sighed and said with a slight lisp:  
- "In our village, folk say God crumbles up the old moon into stars." 
- "What savages!" The captain laughed.  
- "I've never heard that one. Then you believe in God, Shukhov?" 
- "Why not?" asked Shukhov, surprised. 
- "Hear Him thunder and try not to believe in Him." 
- "But why does God do it?" 
- "Do what?" 
- "Crumble the moon into stars. Why?" 
- "Well, can't you understand?" said Shukhov.  
- "The stars fall down now and then. The gaps have to be filled." 

Today most people would agree with the captain. We may even find it 
amusing that anyone could think something else about the moon. But how 
many of us can really be sure that the moon is not replaced? Few of us have 
made personal investigations in this area and even fewer have been to the 
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moon. Instead, we tend to base our beliefs on what we learn from others and 
what is generally accepted in society. It is vital to remember that we are all a 
product of our time and influenced by conventional beliefs. Therefore, it is 
important to challenge and be critical because even the most obvious things 
may only be part of the truth. This is the case when writing a scientific thesis 
but also when reading one. 

Torbjörn Lindgren 

The “truth”, to the best of our knowledge, is that the moon circles around 
earth while it moves slowly away by a couple of centimeters per year.[1] This 
is due to the tidal power between the earth and the moon. The rotation of 
earth slows down, the days on earth become longer and the energy is 
transferred to the moon. However, before the moon has completely vanished 
the sun will have long since died. At that point, with the annual drift of 
today, the average distance to the moon will be less than 50% larger than its 
current distance. To give some time perspective, the sun is expected to have 
another 5 billions years as a star.  
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Introduction

In March 1995, after a century of incredible 
land winning achievements in science and 
technology, Holy Grails of chemistry were 
identified for the upcoming new century.[2] One 
of those Holy Grails was in photoelectro-
chemistry and aimed at artificial photo-

synthesis.[3]

To develop a practical artificial photosynthetic 
system that roughly mimics the biological one is 
a challenge. In biological photosynthesis, 
sunlight, water and carbon dioxide are converted 
to oxygen and energy rich carbohydrates that 

serve as food and fuel. The active site for splitting of water is a manganese 
complex in an intricate enzymatic environment with a built-in process for 
regeneration. The idea of artificial photosynthesis is not to duplicate the 
biological photosynthesis or to copy the aesthetic appeal of trees and plants. 
Instead the goal is to utilize sunlight to drive a thermodynamically uphill 
reaction of abundant materials to produce a clean and renewable fuel. 
  This thesis focuses on “watersplitting”, the photodriven conversion of 
liquid water to gaseous hydrogen, H2, and oxygen, O2, by

H2O  H2 + ½ O2

Thin film semiconductor electrodes have been used as solar energy 
absorbers and active sites for watersplitting. The energy carrier hydrogen is 
easy to store and environmentally friendly when produced with solar energy. 
New improvements in the fuel cell industry have also contributed to make H2

a very interesting and wanted commodity today. An energy system based on 
solar energy for energy generation in combination with H2 as an energy 
carrier is an environmentally friendly and attractive energy system for the 
future.

A Holy Grail has been defined as an “eminently desirable and ultimate 

object of extended effort”, a “knightly quest”.[2]
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Solar Cells 

Already in 1886, the American solar cell pioneer Charles Fritts concluded 
that, “…the supply of solar energy is both without limit and without cost, 

and will continue to stream down on earth after we exhaust our supplies of 

fossil fuels.”[4] This statement seems of more importance nowadays than ever 
before even though we know that the technology for harvesting solar energy 
is neither without limits nor without costs. Today we are indeed aware that 
fossil fuels such as coal, oil and natural gas are finite resources. Excessive 
worldwide usage has also introduced conflicts and modern concepts such as 
global warming and smog alerts. Currently, as much as 80% of all energy 
consumed comes from chemical energy stored in fossil reserves.[5] Any 
major changes in energy consumption are not foreseen in the near future. 
Instead, the global energy demand is expected to increase by up to 60% and 
CO2 emissions by 70% by 2020.[6] This is going to put further pressure on an 
already stressed energy system. Therefore, it is of great importance to 
develop new alternative energy sources not based on fossil fuels.  
  Solar energy has many advantages; it is an abundant resource and it is 
renewable. The most sophisticated and favourable form of solar energy is 
solar photovoltaic. Solar photovoltaic, which means “light-electricity”, is the 
direct conversion of sunlight into electricity without moving parts, pollution 
or noise.

A solar cell can be described as a device that under illumination is charged 
and works as a “battery” as long as the solar cell is kept under illumination. 
No matter what materials are used in the solar cell, the origin of this effect is 
the same. The incoming light is absorbed by the semiconductor and 
electrons are excited from a low-energy state to a high-energy state. To 
prevent the excited electron to recombine back to its initial energy state it is 
crucial that the excitation is followed by a lateral selective extraction. The 
excited electrons are transported from the high-energy state to the high 
electron energy contact (negative potential) simultaneously as the vacated 
low-energy states are replenished from the low energy (positive) contact. 
These two basic mechanisms, absorption and extraction, create the 
necessary potential difference over the device and under load are the driving 
force for the photocurrent. 
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Solar Cell History 

Edmund Bequerel is usually credited as the first to demonstrate the 
photovoltaic effect.[7] He was interested in photographic images and his 
pioneering photoelectric experiments in 1839 were done with liquid and not 
solid state devices. Platinum electrodes, coated with AgCl or AgBr, were 
illuminated in acidic solution and a small photocreated voltage was 
registered. It would take almost 50 years from Bequerel’s first photovoltaic 
observation until the first solar cell was designed. It was the American 
inventor Charles Fritts who fabricated a solar cell in 1883 based on the 
photosensitive material selenium.[8] The efficiency was low, less than 1% but 
there was a market for the device in light sensors for cameras.  
  The real break through for solar cells came from researchers at the Bell 
Laboratories in 1954.[9] Based on their results they concluded that, “The 

direct conversion of solar radiation into electrical power by means of a 

photocell appears more promising as a result of recent work on silicon p-n 

junctions”. An overall solar energy efficiency of 6% was achieved, which 
was the real start for photovoltaics as a power generator. Since then 
considerable effort has been made to boost the efficiency and lower the 
fabrication cost of solar cells.  
  In 1961 Shockley and Queisser[10] published an analysis that has been 
described as the most elegant theoretical work in photovoltaics to date[8] that 
puts an upper limit on the performance of solar cells with one extraction 
mechanism. The limit is fundamental and originates from the fact that 
photons with energy less than the bandgap are not absorbed and the excess 
energy in photons with energy larger than the band gap is lost to phonon 
vibrations (heat). This upper solar-to-electrical conversion efficiency is 32% 
at room temperature, regardless of likely future improvements in material 
quality or device design of photovoltaics with one extraction mechanism. 

Solar Cells Today 

Today, after 50 years of research, the solar cell market is totally dominated 
by silicon cells due to their good efficiency and stability. However, they are 
still too expensive to be a good competitor to conventional electricity 
generation. The cost for a complete grid connected photovoltaic system of 
12.5% is about 5.5 USD per peak Watt,[11] a price that must be reduced by at 
least one order of magnitude to be competitive. The high cost is mainly due 
to high-energy demand for purifying SiO2 to high quality Si, which in 
combination with low material yield during fabrication leads to a high 
fabrication cost. There are three types of silicon solar cells, single crystal,
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Fig. 1. Bell System advertisement from 1954 touting the Solar Battery.  
From the Bell System Memorial site: www.bellsystemmemorial.com 
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polycrystalline and amorphous. The best efficiency is obtained in single 
crystal cells, where the best samples approach the theoretical limit of 32%, 
(cf. Fig. 2). They are also the most expensive, which has inspired researchers 
to develop silicon solar cells of lower crystal quality. Amorphous silicon has 
found its niche in pocket calculators and watches while polycrystalline 
silicon (that has been in the shadow of amorphous cells) looks like a 
promising alternative for future inexpensive solar cells for power 
generation.[13]

  Aside from silicon, materials from group III and IV in the periodic table, 
such as gallium, indium, phosphor and arsenic, have received considerable 
attention. Most of the work has been focused on gallium arsenide (GaAs) 
and indium phosphide (InP) that nowadays are exclusively used in the space 
industry where cost is less of an issue. They are expensive to fabricate and 
the material supply in the long run is questionable. Those disadvantages are 
compensated for by the high efficiencies achieved with these materials.  
Solar cells with 30% efficiency are regularly produced by tandem devises 
(combination of semiconductors) of these materials. To reduce the cost of 
these cells there have been efforts to produce polycrystalline cells. That has 
proven difficult due to the dramatic reducing effect the grain boundaries 
have on the efficiency.  

The Link between Energy Use and Poverty

Question: What year did one-quarter of the world’s population have no 
access to electricity and one-third relied on traditional biomass such as 
wood, agricultural residues and dung for cooking and heating? 
Answer: The year is 2003.[12] 

For economic and social development, access to electricity and modern 
energy sources is a necessity along with criteria such as clean water, 
adequate sanitation, a communication network, good health and education 
systems. Four out of five people without electricity today live in rural 
areas of the developing world, mainly in South Asia and sub-Saharan 
Africa. In these off-grid rural areas renewable energy sources such as 
solar and wind could already today power household lights and 
refrigerators. However, the pattern of electricity deprivation is set to 
change; 95% of the increase in population in the next three decades is 
predicted to occur in urban areas. In order to meet the increasing energy 
consumption the International Energy Agency, IEA,[12] predicts that 
conventional fuels and established technologies are preferred for the on-
grid capacity expansion.
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Fig. 2. Power conversion efficiency, , trends over time for different kinds of 
photovoltaic and photoelectrochemical devices.[14] CIS = cadmium-indium-selenide; 
CIGS = cadmium-indium-gallium-selenide. As a base for speculation of future 
achievements in the solar cell field the data have been fit to an exponent formula:  

(%) = 32-35exp[-(year-y0)/30] (1) 

where y0 is 1949, 1970, 1984 for crystalline Si, thin films and nano TiO2,
respectively.

As a result of the high cost associated with silicon and III-IV solar cells an 
alternative branch of thin film solar cells emerged during the 1970s. Thin 
film solar cells (so-called 2nd generation solar cells) consist of thin layers, 
typically less than 10 µm that can be deposited with built-in series 
interconnection. The low material demand together with ease of fabrication 
of modules makes thin films promising for low cost production. Three thin 
film technologies are today’s candidates for large-scale production. These 
are based on amorphous silicon (a-Si), cadmium telluride (CdTe) and copper 
indium gallium diselenide Cu(In,Ga)Se2 (CIGS). The conversion efficiency 
for thin film solar cells is today around 15%, see Fig. 2. 
  In the 1970s, the research on photoelectrochemical (PEC) cells really took 
off; mainly inspired by the result of Fujishima and Honda[15] on rutile TiO2

as a photoelectrode for watersplitting. Photoelectrochemical cells consist of 
one or two photoactive electrodes immersed in an electrolyte. Depending on 
the redox couple in the electrolyte PEC cells can, under illumination, either 
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be utilized for electricity generation or chemical energy storage. A brief 
introduction to photoelectrochemical cells is given in the end of this section 
and a more detailed one in Chapter 1. A new, interesting innovative PEC 
solar cell design appeared in the 1990s. O´Reagan and Grätzel[16] obtained 
almost 7% efficiency with a nanoporous dye sensitized TiO2 solar cell with a 
redox couple of iodide/iodine. (See page 28 for a description of the dye 
sensitized solar cell.) The dye cell is easy to make in the laboratory and 
might be a good candidate for the future solar cell market. Before that 
becomes true the efficiency must be enhanced by reducing energy losses in 
the iodide/iodine redox cycle and at the electrode interfaces while extending 
the spectral response further into the red. The efficiency must also be 
documented to be stable in the long term, which for solar cells is usually 20 
years.  
  Another interesting new type of solar cell is the organic solar cell that 
emerged after the discovery of conducting polymers. The efficiency of the 
organic solar cell, around 2%, can hopefully be improved by new materials 
and a better understanding of the limiting charge transfer processes of 
conducting polymers. 

It is difficult to say which solar cell technology will dominate in the future. 
It is easier to predict that more than one kind will exist. There will be a need 
and niche for less costly solar cells with lower efficiency as well as 
expensive solar cells with higher efficiency. However, for large scale energy 
generation, it is important to note that low efficiency PV does not represent a 
viable solution due to the unavoidable baseline costs that other system 
components (frame, supports, wiring, inverter, land and taxes) add to the 
installed price. To reduce the overall cost of PV installations, solar 
concentrators can be included in the system design.[17]

  As solar cells of today are slowly reaching the upper theoretical efficiency 
of 32%, fundamental new approaches are designed for pushing beyond the 
capability of Shockley and Queisser devices.[18-20] The so called “third-
generation devices”[19] use multiple absorbers, hot carrier effects, or 
photocurrent doubling via impact ionization. The latter two phenomena are 
associated with quantum size effects in semiconductors and are being 
studied in semiconductor nanocrystals. 

Are Solar Cells Already a Part of Your Daily Life? 

If you ever turn on your cellular phone, log on to the Internet, watch TV 
or get the latest weather report you likely rely on solar cells. That is 
because they power every telecommunication satellite orbiting earth and 
many land-based telecommunication stations. 
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The Hydrogen Society 

Although solar energy has many obvious desirable features, there are some 
disadvantages as well. Solar irradiance is neither permanent nor constant in 
intensity around the world. A suitable energy carrier for storage and 
transport of electricity is needed. Such an energy carrier could be hydrogen; 
the true enthusiasts already talk about an upcoming hydrogen society.  
  A hydrogen society (or hydrogen economy) is a society where hydrogen is 
the primary carrier of energy. The biological world began developing its 
own hydrogen society three billion years ago, using hydrogen, carbon, and 
oxygen to establish the cycle of photosynthesis and respiration that defines 
life on earth. The human-engineered hydrogen economy can take similar 
advantage of hydrogen. Currently, fossil fuels provide the necessary energy 
to run machines including modes of transportation and provide electricity 
and heat. Hydrogen can do all those things, and can do them essentially 
without polluting. Hydrogen also offers a solution to fears about the eventual 
drying up of the world’s petroleum resources and about the increasing 
vulnerability of being dependent on supplies from the politically unstable 
Middle East.

In order to create a lasting hydrogen society, these four fundamental areas 
must be developed and established:  

i) General public interest for hydrogen.  
ii) Advanced and efficient technology for converting chemical 

energy stored in hydrogen into electrical energy. 
iii) Safe delivery and storage system of hydrogen.  
iv) Clean and cost-effective domestic hydrogen production. 

i) General Public Interest for Hydrogen.  

The safety issues associated with hydrogen are not considered to be a 
problem, especially when compared to gasoline. For example, hydrogen is 
less flammable. The self-ignition temperature of hydrogen is 550ºC, 
whereas, gasoline varies from 228-501ºC depending on the grade. In the 
event of a leak, being the lightest element, hydrogen rises and spreads out 
quickly in the atmosphere. Moreover, hydrogen is a non-toxic, naturally 
occurring element in the atmosphere. 

Hydrogen is not an energy source but a carrier that, like electricity, must 
be manufactured. 
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 No matter what facts say about hydrogen and 
safety, there is a general public anxiety towards 
hydrogen mainly inherited from the Hindenburg 
disaster and hydrogen bombs. Neither of those 
things have anything to do with a modern hydrogen 
based energy system. A fuel cell passenger car 
operating on hydrogen would never have a large 
amount of hydrogen stored in a flimsy cloth bag. 
As for bombs, hydrogen will only fuse under 

extremely high temperature and pressure. The enormous pressure required 
would never occur in a fuel cell system or hydrogen storage device.  
  It can be concluded that information and education will indeed be important 
for success with the hydrogen society. Also important will competitive costs 
and performances be. It will be difficult for the hydrogen society to emerge 
before hydrogen performs as good as fossil fuels and to a similar cost.  

ii) Advanced and Efficient Technology for Converting Chemical Energy 
Stored in Hydrogen into Electrical Energy. 

The most efficient way to utilize hydrogen is in fuel cells. A fuel cell is an 
electrochemical engine that combines hydrogen and oxygen, in a flameless 

process with no moving parts, to produce 
electricity, heat and pure water. The process 
can be described as the mirror image of 
electrolysis, in which water is split into 
hydrogen and oxygen by running a current 
through it. Fuel cell technology is not new; it 
was actually discovered before the internal 
combustion engine by Sir William Grove in 
1839.[21] However, it was not until recently 

that fuel cells have been discussed as a serious alternative for large 
stationary power plants, to transportation vehicles and to consumer devices 
like cell phones and personal computers. Fuel cells currently under 
development consist of a variety of materials, designs, and technologies that 
are primarily determined by the operating temperature, from ambient to as 
high as 1000oC. However, all current designs of fuel cells for the 
transportation sector are low-temperature (about 80oC) technologies based 
on polymeric exchange membranes (PEM) as proton-conducting 
electrolytes. To be economically competitive with the present fossil fuel 
economy, the cost of fuel cells must be lowered. Current estimates of PEM 
fuel cell system costs exceed, when extrapolated to mass production, 
$100/peak-kW.[22] To compete economically with the combustion engine the 

How to  
convert hydrogen? 

How to  
introduce hydrogen? 
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cost must approach $35/kW. Present-day costs for low-volume production 
are roughly $3,000/kW for hydrogen-based fuel cell systems.  
  The need to reduce the costs by nearly two orders of magnitude 
underscores the long way fuel cells for automotive applications have before 
they can be competitive. Two areas can be identified where major 
improvements need to be achieved. First, new membranes are needed that 
exhibit adequate durability and proton conduction properties at temperatures 
exceeding 100oC. The higher temperature improves the overall efficiency 
and impurity tolerance (sulfur, hydrocarbons, and carbon monoxide) in the 
fuel. Secondly, better and less expensive catalyst materials are needed. 
Nowadays, noble metals, particularly platinum, are used both to catalyze the 
hydrogen oxidation and the oxygen reduction. The overpotential for the 
oxidation at the anode is quite small, typically on the order of 10–50 mV, 
while the cathode overpotential ranges from 300 to 500 mV.[22]

  Awaiting low priced fuel cells, there is the option of running combustion 
engines on hydrogen. The advantage is a lower cost per kW compared to 
fuel cells; the disadvantage is that NOx gases will form in the combustion 
when air is used as the source for O2.

iii) Safe Delivery and Storage System of Hydrogen 

Without effective hydrogen storage systems, a hydrogen society will be 
difficult to achieve. Two kinds of storage functions with different 

requirements are needed. For stationary applications, 
hydrogen storage systems can occupy a large area, 
operate at high temperatures and pressure and 
compensate for slow kinetics with extra capacity. In 
contrast, hydrogen storage for transportation must 
operate within minimum volume and weight 
specifications, supply enough hydrogen to enable a 500 
kilometers driving range, charge/recharge near room 
temperature, and provide hydrogen at rates fast enough 

for fuel cell locomotion of vehicles.[22] Mobile hydrogen storage is 
considered to be the most technically challenging aspect of an upcoming 
hydrogen society. To provide a 500 kilometers range for a fuel cell vehicle, a 
storage capacity of approximately 5–10 kg of useable hydrogen is needed. 
To achieve that compression, the volumetric density of H2 is required to 
increase. With compressed gas, the hydrogen is easily accessible for use but 
the storage capacity is too small to meet the target of 500 kilometers. Solid-
state storage, in which the hydrogen is absorbed in a solid material, holds 
considerable promise for meeting the targets of onboard storage but no 
completely satisfactory material has been identified yet. Solid-state storage 
covers storage of hydrogen in metal hydrides, in chemical storage materials, 

How to  
store hydrogen? 
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and in nanostructured materials such as carbon nanotubes. Parallel to 
development of new ways of storing hydrogen for transportation it will be 
important to continue the development of light cars with low resistance and 
fuel demands. Another important research area is hydrogen embrittlement of 
materials after extended exposure. 

iv) Clean and Cost-Effective Domestic Hydrogen Production.  

The area of the hydrogen society that so far has received the least attention 
is maybe the most important of them all, namely hydrogen production. The 

reason for the limited interest could be that the 
large demand for hydrogen has not been there 
before. At present, most of the hydrogen 
produced is used in the fertilizer, petroleum, and 
chemical industries. Another factor is that the 
fossil fuel industry is the largest supplier of 
hydrogen today, using steam reforming of natural 
gas. It has not been in their interest to change the 
raw material of that process. To be economically 

competitive with the present fossil fuel economy, the cost of producing 
hydrogen must be lowered by a factor of 4.[22]

  The main steps of steam reforming involves the reaction of steam with 
natural gas over a nickel catalyst at around 750-800°C to form hydrogen and 
carbon oxides according to 

CxHy + H2O  xCO + (x + 0.5y)H2

CO + H2O  CO2 + H2

Steam reforming of natural gas is not an optimal process because natural gas 
is non-renewable and has a limited supply in the long term. Large amounts 
of carbon dioxide are also released during the hydrogen production. That 
counteracts one of the objectives with the hydrogen society, namely to 
reduce the discharge of carbon dioxide to the atmosphere. Carbon bi-
products are also a problem for many fuel cells. Very pure (99.999%) 
hydrogen is needed for current-generation proton exchange membrane fuel 
cells (PEMFCs), therefore demanding expensive post treatment of the steam 
reformed products. Even if advances in catalysis, membranes, and gas 
separation could enable a more efficient, lower-cost fossil hydrogen 
technology, the fundamental problem with CO2 generation is still there.  

For an energy system to be durable in the long run, which is a goal of a 
hydrogen economy, hydrogen must be produced using a renewable method. 

How to 
produce hydrogen? 
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Solar energy is the only renewable energy source that has sufficient capacity 
to fully meet the global energy needs of this century without destructive 
environmental consequences. Fig. 3 shows a number of possible pathways 
by which solar energy can be used to generate H2.

[23] The heat energy itself 
in the solar irradiation can be utilized to directly decompose water to 
hydrogen and oxygen without electrolysis. This process, called thermolysis 
of water, takes place at elevated temperatures.[24] However, even at pressures 
as low as 0.05 bar and temperatures as high as 2500 K only about 25 % of 
the water vapor dissociates.[25] The rapid back reaction of H2 and O2 at these 
temperatures prevents this pathway from being a viable approach.  

Fig. 3. Sustainable pathways from solar energy to hydrogen.[23] Thermolysis is 
splitting of water by thermal heat and photolysis is splitting of water by UV and 
visible light.  

A more versatile approach is the use of photovoltaic cells to generate 
electricity from power electrolyzers. This is likely to be the major way of 
producing H2 in the future.[23] Windmills, in geographical areas that are 
suitable for wind power, can replace the photovoltaic system. Another 
possibility is the production of hydrogen from solar concentrators/receivers 
via the multi-step route of thermal energy to electricity, and electricity to 
hydrogen and oxygen by electrolysis of water. These combined systems are 
currently commercially available but the high cost of photovoltaics as well 
as electrolyzers has so far prevented the big breakthrough.  
  The photolysis system combines the two separate steps of electrical 
generation and electrolysis into a single system. This is the only direct path 
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of generating hydrogen from solar energy. Since the total loss of a system is 
the product of loss at every single step, this direct approach should give 
better efficiency than a photovoltaic-electrolyzer system. This direct 
conversion system includes photochemical and photobiological approaches 
and is based on the fact that visible light has a sufficient amount of energy to 
split water. The thesis focuses on photolysis of water in photoelectro-
chemical (PEC) cells as a possible way of directly transforming solar energy 
into chemical energy in the form of hydrogen. See next page for a brief 
introduction of PEC cells and Chapter 1 for a more detailed description.   
  The solar-to-chemical energy conversion efficiency of current biomass 
crops, such as switchgrass and poplar, is in the range of 0.4% of total solar 
irradiance; further losses would be incurred in the conversion to hydrogen.[22]

It is plausible that genetic research could improve the conversion efficiency 
but likely are large arable land areas needed for this approach to contribute 
significantly to the hydrogen economy. Hydrogen producing algae seems to 
be a more promising photobiological approach. Currently, peak yields of 
hydrogen in the range of 5% solar conversion efficiency have been obtained 
at low light intensities.[22] Further research is needed to make these yields 
sustainable and to find new organisms or engineer the photosystems of 
existing organisms that will give similar efficiencies in full solar irradiation. 
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A Brief Introduction to Photoelectrochemical (PEC) Cells 

A photoelectrochemical (PEC) cell consists of a cathode and an anode fixed 
in an electrolyte solution as illustrated in Fig. 4. Either the cathode or the 
anode, or both, is photoactive. By irradiation of the photoactive electrode/s, 
with light of energy larger than the bandgap energy, electron-hole pairs are 
formed and the chemical equilibrium in the PEC cell is disturbed. This creates 
a photovoltage that gives rise to a photocurrent, via an outer circuit, in the 
direction of the electrode with the lower chemical potential. The circuit of the 
electrons is completed by electron transfer processes over the 
electrode/electrolyte interfaces. At the anode, an oxidation reaction in the 
electrolyte takes place simultaneously as a reduction takes place at the cathode. 
Depending on the chemical reactions in the electrolyte during irradiation, 
photocurrent can represent the conversion of light energy to electrical or 
chemical energy. In a regenerative PEC cell a single active redox-couple is 
present in the electrolyte and no net chemical reaction takes place in the 
system. The dye-sensitized nanostructured TiO2 solar cell, first described by 
O'Regan and Grätzel[16] is one example of a regenerative cell.  
  The non-regenerative PEC cell is the focus in this thesis. In a non-
regenerative PEC cell different redox-couples are active at the anode than at 
the cathode. The different redox-couples give rise to a net chemical process in 
the electrolyte when the cell is illuminated with light of sufficient energy. 
Accordingly, solar energy is transformed into chemical energy. When a PEC 
cell is used for the purpose of direct water splitting then oxygen, O2, is formed 
at the anode by oxidation of water and hydrogen, H2, is evolved at the cathode 
by reduction of water.

O2 H2

H2O H2O

anode cathode 

e-

H2O

Fig. 4. Schematic non-regenerative photoelectrochemical (PEC) cell for direct water  
oxidation. 
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Chapter 1 

Theory Behind the Photoelectrochemical Cell 

Sunlight incident on a PEC solar cell creates electron-hole pairs within the 
semiconducting material making up the photoactive part of the cell. This is 
the core of all semiconductor based PEC cells. However, before the 
photoelectrochemical solar cell is described in more detail it is appropriate to 
start with the energy source itself, the sun.  

1.1 The Sun and the Solar Spectrum 

Situated about 149.6 million kilometres from earth, the sun is the ultimate 
source of energy for most forms of life on earth. Each second the sun 
transforms 637 million tonnes of hydrogen to create 632 million tonnes of 
helium by nuclear fusion.[26] The difference, about 5 million tonnes, is 
transformed into energy according to Einstein’s famous equation, E=mc2.
This energy gives rise to considerable temperatures; the surface temperature 
of the sun is estimated to be 5800 K. The energy is emitted according to a 
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perfectly absorbing body – a black body. The spectrum of the emitted light 
from the sun is bell-shaped and 96.3 % of the total irradiance is included in 
the 200 to 2500 nm wavelength range or to the 0.5 to 6 eV energy range, see 
Fig. 5. The relation between wavelength, , of the photons and their energy, 
, is 

hc
h      (2) 

where  is the frequency, h is Planck’s constant and c is the speed of light. 
The spectrum can be divided into different wavelength (or energy) regions. 
The high energetic ultraviolet (UV) region consists of photons with a 
wavelength less than 400 nm. About five percent of the solar spectrum 
consists of UV light.
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Fig. 5. Solar spectrum, AM1.5.[27]

The next region, the visible light region (400 to 700 nm) contains the 
wavelengths visible for the human eye. Just beyond the sensitivity of the eye 
lies the near infra-red (NIR) region of the solar spectrum (700 to 2500 nm). 
Considering the spectral distribution of the sunlight it has been found that 
the optimal band gap energy for conversion of solar photons into electrons is 
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between 1.2 and 1.4 eV.[28] This corresponds to absorption of all photons 
with a wavelength shorter than about 1 m, i.e. all UV and visible light and 
part of the IR light. 
  The solar constant is the total integrated irradiance over the spectrum in the 
absence of atmospheric extinction and is referred to air mass zero (AM0) 

radiation. Currently accepted values are about 1360 W/m2, which often are 
described as one “sun”. All radiation that reaches the ground passes through 
the atmosphere, which modifies the spectrum by absorption and scattering. 
The energetic short wave radiation below 300 nm is effectively blocked by 
ozone. In the near infrared region, water vapour, carbon dioxide and to a 
lesser extent oxygen absorb selectively. Wavelength dependent Rayleigh 
scattering and scattering from particulates including water, so called 
aerosols, also change the spectrum of the radiation (and make the sky blue). 
The effect of the atmosphere reduces the intensity of the incoming global 
solar radiation to maximum 964 Wm-2 (for a 37º tilted surface), irrespective 
of location. This is the most widely used terrestrial standard and is referred 
to as AM1.5. In Fig. 5 the spectral distribution for AM1.5 condition is 
shown. The irradiance data is from the U.S. National Renewable Energy 
Laboratory (NREL), Golden, Colorado.[27] The annual insolation varies over 
the Earth´s surface by a factor of 3, from around 800 kWh/m2year in 
northern Scandinavia to a maximum of 2500 kWh/m2year in some dry desert 
areas.

Solar Energy and the World Energy Consumption 

Is the solar power density that reaches the surface of Earth enough for the 
total human power consumption? 

Yes, the solar energy radiation exceeds the total consumption by roughly a factor 
of 1500. Calculated per person, the average solar power available ranges from 
about 30,000 larger than consumed (least industrialized countries) to 300 times 
larger (United States).[29] 

In Sweden the annual insolation is about 800 kWh/m2year. What does it 
mean?
When discussing energy related issues it is important to distinguish between 
power and energy. The power is a measure of the work capacity of for instance a 
machine and is measured in Watt (W). Energy is defined as the power multiplied 
with time and is measured in Watt-hour (Wh). 1000 Wh (or 1kWh) is roughly 
the energy consumed by preparing food on the stove for one hour. Accordingly, 
an annual insolation in northern Scandinavia of 800 kWh/m2year means that if 
all energy was trapped and converted, the annual solar energy could be used for 
cooking continuously for 800 hours (or about 1 month). And that is per square 
meter.   
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1.2 A Brief Overview of Photoelectrolysis of Water in a PEC Cell  

Splitting of water into hydrogen and oxygen following   

H2O  H2 + ½O2, ( G° = +237.2 kJmol-1)

with solar energy at semiconductor (SC) electrodes could be a possible way 
of generating hydrogen for the future. See Fig. 6 for a schematic picture of a 
biased photoelectrochemical cell for hydrogen generation. The standard free 
energy change of the reaction, Gº, is +237.2 kJmol-1 or 2.46 eV per 
molecule of H2O. Since two electrons are involved in the reaction, the 
energy needed per electron is 1.23 eV. Adding overvoltage losses and some 
energy to drive the reaction at a reasonable rate, a realistic potential needed 
is 1.6 to 1.8 V for water decomposition.[23] In fact, current commercial 
electrolyzers operate between 1.7 and 1.9 V.[23] A photon energy of 1.9 eV 
corresponds to a wavelength of light of 650 nm that is in the lower energy 
region of the visible spectrum. This means that the entire visible spectrum of 
light has sufficient energy to split water into hydrogen and oxygen. Water 
itself does not absorb radiation in the visible spectrum so the key for these 
direct conversion systems is to find a light-harvesting system and a catalyst 
that can efficiently collect the energy, transform it to chemical (or electrical) 
energy in the form of electron/hole pairs and immediately direct it toward 
the watersplitting reaction. 
  In this thesis, semiconductors have been used as photoconverters. Under 
light illumination, semiconductor electrodes absorb the photons with energy 
greater than the bandgap energy, g, to produce electron/hole pairs.  

Fig. 6. A biased photoelectrochemical (PEC) cell for photoassisted watersplitting. 
CB is the conduction band, VB is the valence band and Ubias is the applied potential 
(bias). The electrode is of compact type (see Section 1.3). 
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In a photoelectrochemical system, both excited electrons in the conduction 
band and holes in the valence band participate in the watersplitting process, 
as illustrated in Fig. 6. For an n-type semiconductor, the semiconductor 
electrode acts as a photoanode. Accordingly, when an n-type electrode is 
under band gap illumination, photogenerated holes in the valence band, VB, 
will oxidize water into oxygen, and electrons in the conduction band, CB, 
will move towards the counter electrode to reduce water into hydrogen. In 
the case the band edges of the semiconductor are not thermodynamically 
suitable for direct watersplitting a bias potential, Ubias, needs to be applied as 
shown in Fig. 6. For p-type semiconductor, the holes in the VB are the 
majority charge carrier and the semiconductor acts as a photocathode. 
Therefore, the photo process at p-type semiconductors is a mirror image of 
the processes at n-type electrodes.[30]

In the following sections 1.3 and 1.4 are detailed descriptions given for the 
two different kinds of semiconductor electrodes used in photoelectro-
chemical cells, namely compact electrodes and porous nanostructured 

electrodes. n-type materials are treated for both type of electrodes but the 
same concepts can also be applied to p-type materials.  
  Electrodes with transparent back contact can be illuminated through two 
interfaces: either with light incident on the electrolyte/electrode interface 
(denoted EE- or front side illumination) or with light incident on the 
substrate/electrode interface (denoted SE- or back side illumination),         
see Fig. 7. 

Fig. 7. Electrode composed of of transparent substrate and a transparent conducting 
back contact immersed into H2O. The grey area symbolizes the photoactive 
semiconductor thin film. Illumination of the electrode can be from two directions: 
either with light incident on the electrolyte/electrode interface (EE illumination) that 
also is called front side illumination or with light incident on the substrate/electrode 
interface (SE illumination) that is also called back side illumination. 

H2O

SE EE
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1.3 Photoelectrochemistry of Compact Semiconductor Electrodes 

The theoretical foundation of semiconductor photoelectrochemistry is 
based on compact electrodes. Concepts from solid-state semiconductor 
physics were applied to describe the semiconductor/electrolyte interfaces by 
pioneers such as Gerischer[31] and Butler.[32] Nowadays their descriptions of 
semiconductor photoelectrochemistry are generally accepted and frequently 
used. A theoretical background for photoelectrochemical reactions at 
compact electrodes is given below, for convenience the description is 
divided into four sections:  

i) Semiconductors in Darkness.  
ii) Semiconductors under Bandgap Excitation.  
iii) Semiconductors in Contact with Electrolyte.  
iv) Semiconductor-Electrolyte-Interface under Bandgap Excitation.    

The concept of quasi-Fermi levels is introduced and discussed for an n-
doped compact semiconductor electrode. The concept is then applied to 
watersplitting. The concept of quasi-Fermi levels and the thermodynamical 
criteria for watersplitting are in principle also valid for nanostructured 
electrodes.

i) Semiconductors in Darkness 

Central in the physical description of semiconductors is the definition of the 
Fermi levels, F, of holes and electrons, which equal their electrochemical 
potentials. The Fermi level for electrons is defined as the energy of the 
topmost filled level in the ground state at zero temperature. If the band edge 
energy of the conduction band, C is known then the Fermi level of an n-type
semiconductor is given by 

0

C
CF ln

n

N
kT     (3) 

where k is the Boltzmann constant, T is the temperature, NC is the effective 
density of states in the conduction band and n0 is the concentration of 
electrons in the conduction band in the dark. Fig. 8a shows the position of 
the band edges, C and V, ( V is the valence band edge) and the Fermi level, 

F, for an n-type semiconductor in vacuum.  
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Fig. 8 a) n-type semiconductor in the dark and in vacuum, b) n-type semiconductor 
under illumination in vacuum. Notice how the Fermi level has split into two quasi 
Fermi levels. C is the energy of the conduction band edge, V the energy of the 
valence band edge and F the Fermi level energy. n F* and p F* are the quasi-Fermi 
levels of electrons and holes, respectively.  

ii) Semiconductors under Photonic Excitation 

Band gap excitation disturbs the thermal equilibrium between phonons and 
electrons in the conduction band and holes and phonons in the valence band. 
Consequently, the Fermi levels for electrons and holes are split and shifted; 
the new electrochemical potentials for electrons and holes are called the 
quasi-Fermi level of electron, n F*, and the quasi-Fermi level of holes, 

p F*.[33] This is valid under the condition that the lifetime of the photoexcited 
charge carriers is longer than the time constant for the recombination of 
excited electron-hole pairs. The concentration of electrons in the conduction 
band, n* and holes in the valence band, p*, in the photo stationary state under 
irradiation are expressed by 

n* = n0 + n*,    p* = p0 +  p* (4)

where n* and  p* are the increase of concentrations of electrons and holes 
produced by photoexcitation, respectively. Both n* and p* are under 
photostationary conditions functions of the distance from the junction due to 
the penetration depth of the light and recombination. By combining Eqs. 3 
and 4 the quasi-Fermi level of electrons and holes can be expressed as  

eV

CB

VB

F

V

C

a b

CB

VB

n F*

V

C

p F*



22

0

0
F

C
CFn lnln

n

nn
kT

n

N
kT  (5a) 

0

0
F

V
VFP lnln

p

pp
kT

p

N
kT  (5b) 

A sketch of the quasi Fermi levels of electrons and holes for a semiconductor 
in vacuum under strong bandgap illumination is given in Fig. 8b. Note that 
for an n-type semiconductor n* << n0 so n* n0 and at sufficiently high 
intensities p* >> p0 so p* p*. This is the reasons for the minor shift in 
n F* compare to F and the large shift in p F* compared to F.

iii) Semiconductors in contact with electrolyte 

The heart of photoelectrochemical cells is the junction between the 
semiconductor electrode and the liquid electrolyte. The simple way junctions 
can be achieved is actually one of the driving forces behind PEC approaches.  
When the semiconductor is immersed in the electrolyte, electrons will flow 
from the substance with the highest Fermi level until F = redox is 
established.a As a consequence of the equlized electron energies charged 
layers are formed at the interface. These electrical double layers consist of 
layers of positive charges and negative charges creating regions with high 
electric fields. The layer formed in the compact semiconductor is called the 
space charge region and it positioned between the bulk and the surface of 
the semiconductor. The space charge region typically consists of immobile 
trapped carriers or charged impurities, or can be in the form of mobile 
electrons or holes in the conduction or the valence band of the 
semiconductor. Within a planar compact semiconductor film, the potential 
drop over the space charge region, SC, is given by[34]

1
2

2

D

SC
L

w

q

kT
 (6) 

where w is the width of the space charge layer and LD is the Debye length, 
expressed by[34]

a In semiconductor physics the vacuum level is normally used as reference, while in 
electrochemcial measurements the electrode potential is most often related to the (H+/H2)
Normal Hydrogen Electrode (NHE). The relationships of these two energy scales has been 
determined to: [35-37]

F  = -4.7 eV –qUredox (7)
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where d is the dielectric constant, 0 the permittivity of free space. The 
resulting electric field in the space-charge region causes a potential 
difference between the surface and the bulk of the semiconductor. The band 
energies become more positive with increasing distance from the 
semiconductor-electrolyte interface and then remain flat in the field-free 
bulk. This effect is called band bending and is illustrated in Fig. 9b. Due to 
the band bending, excess electrons in the conduction band of the space-
charge region (for instance photo generated) move toward the bulk 
semiconductor in the direction consistent with the existing electric field. 
Excess holes in the space charge region move towards the semiconductor-
electrolyte interface.  
  In the electrolyte, corresponding compensating charged layers are formed. 
The one closest to the electrode is called the Helmholtz layer and contains 
solvent molecules and sometimes specifically adsorbed ions or molecules. 
Outside the Helmholtz layer is the Gouy-Chapman layer associated with the 
field created by the mobile solvated ions near the surface. In concentrated 
solutions the Gouy-Chapman layer is considered to have melted into the 
outer Helmholtz plane.

Fig. 9. Energy diagrams for a compact n-type semiconductor electrode (a) in the 
dark in vacuum and (b) in the dark and in contact with an aqueous electrolyte and c) 
under bandgap illumination in the electrolyte. The electrode is illuminated through 
the electrolyte-electrode (EE) interface. The photovoltage, ph, is the potential 
difference between the Fermi level in the dark and under illumination. The onset 
potential, Uon, and the flatband potential, Ufb, are for an n-type semiconductor 
ideally located close to the c.
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iv) Semiconductor-Electrolyte-Interface under Bandgap Excitation 

The thermodynamic requirements for redox electron transfer to proceed for 
anodic and cathodic reactions are given by the following inequalities 

F > F(REDOX) cathodic reaction (9a) 

F < F(REDOX) anodic reaction (9b) 

Slow interfacial kinetics and other energy barriers to overcome for reaction 
are the reasons for the inequalities. Usually, the overpotentials can be 
minimized by catalysts as will be discussed later in section 1.5.  
  During illumination the Fermi levels are shifted as explained by Eqs. 5a 
and b, and reactions that are not thermodynamically possible during light 
might proceed if the following criteria are fullfilled 

n
*

F > F(REDOX) cathodic reaction proceeds (10a) 

p
*

F < F(REDOX) anodic reaction proceeds (10b) 

For the specific case of direct watersplitting, the concept of quasi-Fermi 
level is illustrated in Fig. 9. It shows the Fermi levels of a n-type 
semiconductor a) in the dark in vacuum, b) in contact with the aqueous 
electrolyte under dark equilibrium conditions and c) when illuminated in the 
electrolyte. As can be seen in Fig. 9b, neither the electron transfer of the 
cathodic hydrogen reaction nor the hole transfer of the anodic oxygen 
reaction are thermodynamically possible in darkness. However, during 
bandgap photoexcitation the Fermi level of the semiconductor splits into the 
two quasi-Fermi levels, n *F and p *F. Cathodic hydrogen evolution as well 
as anodic oxygen evolution is now thermodynamically possible provided 
that the energy condictions, Eqs. 10a and 10b are satisfied as shown in Fig. 
9c) and stated in the expressions 

n *F > F(H+/H2)  hydrogen evolution (11a)

p *F< F(H2O/O2) oxygen evolution (11b) 

The photostationary distance dependence of the quasi-Fermi levels is 
complicated, cf. Fig 9c. It is determined by recombination and the 
penetration depth of light.  
  The photocurrent density upon illumination, j, is calculated as the sum of 
the charge carriers generated inside the depletion layer, jDL, and those 
carriers generated in the adjacent bulk material, which diffuse into the 
junction, jDIFF.
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By adopting this model the photocurrent density over the liquid junction 
interface for frontside (EE) illumination can be described as[32]

w
e

L
qIjjj

1

1
1DIFFDL  (12) 

and for backside (SE) illumination as[38]

dwd
ee

L
qIj

1

1
 (13) 

where is the monochromatic wavelength of the radiation, I is its intensity,

 is the absorption coefficient, L is the diffusion length of minority carriers 
and d the film thickness.  

1.4 Photoelectrochemistry of Nanostructured Semiconductor Electrodes 

Most electrodes studied in this thesis are of nanostructured type. What 
today is commonly referred to in the literature as a nanostructured electrode 
is a porous electrode built up from interconnected semiconductor particles of 
nanometer size.[39] The nanostructured electrodes distinguish themselves by 
their porosity and high surface-to-volume ratio. In a porous film consisting 
of interconnected nanometer sized semiconductor particles the effective 
electrolyte-electrode interfacial surface area can be enhanced 1000-fold.[40]

The electronic and photoelectrochemical properties of nanostructured 
electrodes are very different from those of compact electrodes. From solid 
state semiconductor physics it is known that defects and distorted structures 
in e.g. polycrystalline film electrodes cause a low performance compared 
with that of electrodes made from highly ordered materials such as single 
crystals. However, the polycrystalline nanostructured electrodes have proven 
to be able to generate good photocurrents upon illumination. The reason for 
this and the mechanism behind the charge transport in nanostructured 
electrodes have therefore received much attention and is still under debate. 
Especially the junction capacity related to the contact of the nanostructured 
semiconductor film with the conducting substrate is discussed.[41-47]

  For very small (colloidal) semiconductor particles of radius, r0, the total 
potential drop within the semiconductor ( SC) is described by[40]

2

D

0
SC

6 L

r

q

kT
 (14) 



26

where LD is the Debye length. In order to support migration of the 
photogenerated charge carriers the Debye length has to be of the same order 
or smaller than the radius of the particle.[40] From Eq. 14 and the definition 
of the Debye length (Eq. 8), it is apparent that the electrical field in 
nanosized semiconductor particles is usually small, unless high dopant levels 
are present. Besides, the porous structure of nanostructured semiconductor 
electrodes enables the electrolyte to fully penetrate the electrode so any 
existing electric field is effectively screened.[48]

  The absence of a substantial macroscopic electric field normal to the 
substrate leads to a breakdown of the traditional compact electrode model 
where light induced charges are separated with the help of an internal 
electric field. For a dye sensitized solar cell Södergren et al.[49] assumed 
instead that the photogenerated electrons in the conduction band were driven 
solely by diffusion in a concentration gradient of electrons in the 
nanostructured film. (See page 28 for a description of dye sensitized solar 
cells, DSSC.) Assuming that:  

(i) the electron transport in the semiconductor occurs via diffusion  
(ii) the diffusion length of electrons is constant throughout the 

whole nanoporous film  
(iii) the recombination losses are of first order 

the general transport equation of electrons in a nanostructured electrode of 
DSSC can be formulated as follows[50]
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Here n(x) is the local electron concentration and n0 is the equilibrium 
electron concentration in the dark (determined by equilibrium between the 
oxide and the redox couple). Dn is the electron diffusion coefficient, n is the 
electron lifetime,  is the absorption coefficient of the nanocrystalline 
electrode and I  is the incident photon flux corrected for reflection losses.  

The electron diffusion model by Södergren et al.[49] is designed with dye 
sensitized solar cells in mind where the dye is quickly regenerated and the 
transport of electrons in the nanostructured semiconductor is the limiting factor. 
The situation is different for watersplitting since there is no dye present and the 
holes are generated inside the semiconductor. For the watersplitting scenario 
the limiting factors are the transport of holes to the NSEI and/or the oxidation 
kinetics at the interface. However, in the case of sufficient hole transport and 
transfer to and over the NSEI the diffusion model described in Eq. 15 is still 
valid.      
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The first term on the right hand side of Eq. 15 is familiar as Fick’s second 
law. The second term takes into account the fact that photoinjected electrons 
may recombine before they reach the substrate; n(x,t)-n0 is the excess 
electron concentration due to excitation. The last term expresses the local 
rate of the light induced electron generation for the case where light is 
incident from the substrate side (SE illumination). For illumination from the 
electrolyte side (EE illumination), x in the exponent is replaced by (d-x). In 
order to obtain steady-state and time dependent solutions of Eq. 15, two 
boundary conditions must be applied. The first boundary condition (Eq. 16a) 
is that the electron flux and hence also the density gradient n/ x must tend 
to zero in the limit x d, where d is the film thickness and x=0 at the 
substrate. The second boundary condition (Eq. 16b) is that the flux of 
electrons at the substrate (x=0) must equal the rate of electron extraction.[51]

The two conditions are expressed as 
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A solution to Eq. 15, n(x), with the boundary conditions of Eqs. 16a and b 
was given by Peter et al.[50] In Fig. 10 the electron concentration profile, n(x)
in a nanostructured semiconductor electrode is plotted under short circuit, 
open circuit and load conditions.  
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Fig 10. Steady state electron concentration profiles calculated from Eq. 15 for kext = 
0 (open circuit) and for large kext (short circuit). The solution to Eq. 15 was taken 
from reference [50]. =103 cm-1, Dn=10-5 cm2s-1, n=10ms, I =1016cm-2s-1. The 
distance, d=0 is the position of the back contact/semiconductor interface. The 
electrode is illuminated through that interface (SE-illumination).
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TiO2

Titanium dioxide, TiO2, has many interesting properties that had made it into 
the most studied compound for photochemical and photoelectrochemical 
purposes. Over the last five years, on average, more than seven research articles 
have been published on TiO2 daily. In the present thesis three of the most 
common applications of TiO2 – apart from water splitting – are briefly 
introduced. 

TiO2 Application 1. Dye Sensitized Solar Cells 

A dye sensitized solar cell (DSSC)[16] consists of a nanostructured porous thin 
film (typically less than 10 µm) of a wide bandgap semiconductor material 
(usually TiO2) that is covered with a monolayer of dye molecules (generally a 
Ru-based dye). The semiconductor is deposited onto a transparent conductive 
oxide (TCO) electrode, through which the cell is illuminated. A platinum 
electrode is used as a counter electrode. A redox electrolyte (I-/I3

-) that 
completely penetrates the porous TiO2 acts as a hole conductor and connects 
the two electrodes with each other. When illuminated, electrons are injected 
from the photoexcited dye into the conduction band of the semiconductor and 
move towards the TCO substrate, while the electrolyte simultaneously 
regenerates (reduces) the oxidized dye and transports a net positive charge to 
the platinum electrode, see Fig. 11 for an outline of a DSSC. Such systems can 
reach solar to electric conversion efficiencies of about 10% but are still not 
produced on a large scale, mainly due to stability issues related to sealing. It is 
also desirable to improve the overall efficiency of the solar cell. Even if the 
efficiency is comparatively low compared to conventional solid state PV 
devices, it is no exaggeration to say that the most prominent scientific progress 
in fundamental solar cell research during the last ten years, both theoretically 
and experimentally, have been on DSSC. 
  In article IV, yellow colored nitrogen doped TiO2 was studied and compared 
to dyed undoped TiO2. Visible light activity was achieved by nitrogen doping. 
However, the photoresponse was smaller compared to that of dyed undoped 
samples. This can partly be attributed to low spectral response into red 
wavelengths and partly to extensive recombination in the nitrogen doped TiO2.
The latter is due to the fact that both holes and electrons are being generated 
inside the semiconductor. 
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Fig. 11. Outline of a dye sensitized solar cell. 
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The electron diffusion model has stood the test of time well and provides a 
very convenient framework to discuss the transport features of photo 
generated electrons in nanostructured semiconductors. However, 
experiments have shown that the electron diffusion coefficient, Dn, and the 
electron lifetime, n, are function of the steady state that appear under 
different working conditions (e.g. photon flux incident on the electrode)[52-55]

This can be derived from the highly disordered medium. The electron 
transport is affected, and likely even dominated, by a large concentration of 
localized states, either inside (bulk traps) or at the boundaries (surface states) 
of the nanoparticles, and probably also by interparticle barriers.[56] An 
electron concentration dependent trapping–detrapping mechanism to and 
from these states explains why the diffusion coefficient and the electron 
lifetime vary with the steady state conditions. The multiple trapping model 
takes the effect of trapping-detrapping on the diffusion coefficient into 
account. In this model diffusive transport through extended states is slowed 
down by (de)trapping events, while direct hopping between localized states 
is neglected.[57] In the multiple trapping model the apparent electron 
diffusion coefficient Dn can be written as: 
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Here D0 is the diffusion constant in the trap-free system, nL is the density of 
conduction band electrons and nC is the density of localized electrons in 
traps.
  Nanostructured electrodes are a good example that selectivity of contacts to 
electrons and holes can be achieved not only via potential barriers at 
interfaces but also by details of interfacial charge transfer. The latter 
depending both on kinetic rate constants and on the overlap of the energy 
levels determining the transfer events. If one charge is more readily injected 
into the electrolyte, then the other accumulates in the semiconductor and will 
flow by diffusion to the back contact. A corresponding increase in oppositely 
charged ions at the nanostructured semiconductor/electrolyte interface, NSEI 
will build up to balance the increase of charge in the particles. As a 
consequence of the operation principle of the nanostructured cell under 
illumination, the most efficient charge separation takes place close to the 
back contact since there the excited electrons have a short distance to diffuse 
to the back contact.[58] See Fig. 12 for a schematic view over the possible 
processes in an illuminated nanostructured electrode.  
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With the operation principle of nanostructured electrodes in mind, for 
successful operation two criteria must be fulfilled:  

Efficient hole transport

For an n-type semiconductor the holes must reach the nanostructured 
semiconductor electrolyte interface, NSEI, before they recombine. 
Therefore, sufficient life time of the charge carriers in combination with 
short distance for the holes to the NSEI is crucial.

Efficient hole transfer

When at the interface, the holes must react quickly with species in the 
electrolyte. For water oxidation, this can be a complication since the 
oxidation kinetics is known to be slow. The situation is partly compensated 
by the large internal surface area that gives a low current density at the 
NSEI, which in principal should reduce the overpotential. To further 
improve the kinetics and increase the efficiency a catalyst can be used (see 
1.5).

A risk with nanostructured electrodes and gas evolution such as oxygen 
evolution, is that the evolved gas builds up a pressure that eventually breaks 
up the thin film electrode. This is indeed an issue and should be studied more 
in detail. Initial studies in our laboratory show that the nanostructured 
electrodes are capable of handling currents well into the mA regime without 
cracking. However, indication was found that some evolved oxygen gets 
trapped inside the film, which may reduce the active NSEI and accordingly 
also the efficiency of the system.   

Charge Separation in Photovoltaic Devices 

The fact that nanostructured semiconductor electrodes are capable of working 
as solar cells gave an insight that p-n junction or band bending was not as 
essential for photovoltaic devices as earlier stressed.[8] Rather, the p-n junction 
works well as a solar cell since the n-type region allows selective contact to the 
conduction band (excited states), while the p-type region allows selective contact 
to the valence band (ground state).[8,20] The junction field is incidental to the 
operation.[8] Similar ideas have recently also been reported by Gregg.[59]

Selectivity of contacts to electrons and holes can be achieved not only via 
potential barriers at interfaces, but also by details of interfacial charge transfer, 
depending both on kinetic rate constants and on the overlap of the energy levels 
determining the transfer events.[56] For nanostructured semiconductor electrodes 
the excited state is selectively contacted by the conduction band, while the 
ground state is selectively contacted by the redox couple. 
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Fig. 12 Schematic representation of the possible processes in an illuminated 
nanostructured TiO2 system. The bold arrows show in this diagram the desired 
processes for a watersplitting PEC cell after bandgap excitation: the transport of 
electrons to the back contact, the transfer of holes to the semiconductor surface 
followed by oxidation of water at the semiconductor-electrolyte interface, SEI. The 
transport of electrons in the network can proceed via the conduction band – or if 
states are present in the bandgap – via hopping and trapping/detrapping mechanisms 
as illustrated in the figure. The three major limiting processes are also present here, 
a) bulk recombination via bandgap states, or b) direct electron loss to holes in the 
valence band and c) surface recombination. The excited electrons can also be lost 
from the conduction band to an electron scavenger in the electrolyte, in this figure 
represented by oxygen. See process d. In addition, photocorrosion of the 
semiconductor itself and dissolution reactions can also occur.  

1.5 The Kinetics of Watersplitting. 

When evolving H2 and O2 from water the hydrogen atoms are reduced 
simultaneously as the oxygen atoms are oxidized. The reduction to evolve H2

is a kinetically simpler process than the four-electron oxidation process to 
evolve O2. To generate one molecule of O2, four absorbed photons and two 
molecules of water are involved as given in the overall reactions (SC stands 
for semiconductor)  

4 h  + SC  4 h+ (SC) + 4 e- (SC)  

4 h+(SC) + 2 H2O  4 H+ + O2

Back Contact TiO2

O2 + 4 H
+

H2O

O2 O2
-

a b c

d



32

The detailed mechanism transforming the four holes to form O2 from H2O is 
complex and involves a number of elementary reaction steps. Therefore, 
most of the overpotentials and losses in any watersplitting system are 
associated with the oxygen reaction. To reduce the losses and improve the 
efficiency of the system, normally a catalyst can be attached to the electrode 
surface. Metal oxides, such as RuO2, IrO2 and NiO are the most well known 
catalysts for oxygen evolution, where nickel based materials appear to be the 
best option for commercial electrolyzers.[60] To minimize the overpotential, it 
is also important to reduce the current density over the electrodes. In an 
electrolyzer the best way to achieve this is by using electrodes with large 
surface areas. Assuming the electrolyzer has the same, or larger, area than 
the solar panel, overpotential due to large current densities will be less of an 
issue since the current density is in the mA/cm2 regime in non-concentrating 
solar powered systems. This is one of the advantages with a solar powered 
flat panel system for hydrogen evolution. 

TiO2 Application 2. Photocatalytic Decomposition 

Not long after the discovery that semiconductor under illumination could be 
used for splitting water into H2 and O2 came the first reports that they also were 
powerful for destruction of pollutants. It is mainly TiO2 that has been found 
photoactive and accordingly been studied. The name photocatalytic originates 
from the fact that degradation of organic compounds is energetically an overall 
down-hill reaction, G<0, opposite to, for instance, water splitting that is an 
energetic up-hill reaction, G>0. The photo generated holes are highly 
oxidizing. However, unless the concentration of organic compound is very 
high, the holes are too short-lived to be able to react directly. Instead, under 
most conditions it is the oxidizing power of the hydroxyl radical (•OH) and the 
superoxide radical (O2

-•) that should be considered.[61] The redox potential of 
the hydroxyl radical is +2.27 eV vs. NHE at pH 7. That is positive enough to 
oxidize most organic compounds. Photocatalytic decomposition of organic 
compounds by illumination of TiO2 can be carried out in gas phase as well as in 
liquid phase. Microorganisms, like bacteria, can also effectively be decomposed 
by TiO2.
  Based on the photocatalytic properties, mainly of TiO2, the first photocatalytic 
window is out on the market (Pilkington Activ™)[62] and several other 
applications are on the near edge of commercialization. These include among 
others photocatalytic air cleaners and photocatalytic self-cleaning ceramic tiles 
for bathrooms and kitchens. 
  The UV light is sufficient for some photocatalytic products, but many 
applications would benefit from also including the more abundant visible 
fraction of the solar spectrum. Since dyes normally are not stable in ambient 
atmosphere, several attempts have been made, mainly by doping of TiO2, to 
synthesize a material sensitive also to visible light. The sputtered porous 
nitrogen doped TiO2 in manuscript III-V would indeed by interesting to study 
for photocatalytic applications. 
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  Most of the proposed reaction mechanisms for water oxidation have been 
proposed for electrolyzer systems; however, the same or similar mechanisms 
should be valid for photoelectrochemical cells. Several rate-determining

steps (rds) have been suggested, depending on the electrode material, 
catalysts and the experimental conditions, e.g. pH.[60] The studies of oxygen 
evolution and the suggested reaction mechanisms proposed by Rasiyah and 
Tseung[63] and by Mehandru and Anderson[64] clearly show the complexity 
behind the pathways for oxidation of water (see next page). They both 
worked with models for oxygen evolution on different kinds of metal oxides, 
which link in well with the electrodes used in this thesis. It was found that 
not only the chemical composition of the oxide is to be considered. 
Geometric factors, surface electronic structure, oxidation states of the 
cations, edge or corner sites and materials defects due to nonstoichiometry 
are also of importance.  
  It is mainly metal oxides that have been used as catalysts[60] but there are 
other materials that have been studied. For instance, Chandrasekharan and 
Kamat[65] showed that the photoelectrochemical performance of 
nanostructured TiO2 in aqueous electrolyte (0.05 M NaOH) could be 
improved 3-fold by adsorption of gold nanoparticles. Sayama and 
Arakawa[66] reported that addition of carbonate salts to Pt-loaded TiO2

suspensions catalyzed stoichiometric photocatalytic water decomposition to 
O2 and H2 in the liquid phase. They concluded that the adsorbed carbonate 
and the concentrated carbonate solution played two important roles. It gave a 
sufficient depression of the back reaction (2H2 + O2  2H2O) on Pt and 
allowed an effective desorption of formed O2 (mediated by peroxycarbonates 
such as C2O6

2-, CO4
2-, HCO4

-, etc.) from the TiO2 surface. 
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Oxygen Evolution on Metal Oxide Electrodes. 

Several reaction mechanisms for oxidation of water on electrode surfaces have 
been proposed. To highlight how complex the oxidation process can be three 
proposed examples with metal oxides involved are given below.   

On metal oxides the oxidation state of the cations plays an important role in 
oxygen evolution. Rasiyah and Tseung[63]suggested that in the lower Tafel 
slope regime oxygen evolution takes place on the +III cations sites of NiCo2O4.
The following possible mechanistic sequences were stated: 

T + OH- + h+  TOH 
TOH + OH-  TO- + H2O
TO- + M + h+  T-O-M
2 T-O-M  2 T + 2 M + O2

where T is a trivalent site, M is a divalent site, and T-O-M is a site involving 
bridge-bonded oxygen atom.  
  It has also been found that the reaction pathways for O2 evolution can depend 
on where the oxidation takes place on the crystal. Mehandru and 
Anderson[64]proposed different reaction mechanisms for edge and corner sites, 
compared to the crystal face of SrFeO3. On the edge and corner sites where Fe4+

is coordinated to four and three bulk oxygen anions, respectively, the following 
overall pathways were proposed: 

Fe4+ + 2OH- + 2h+ Fe4+(2OH) 
Fe4+(2OH) + 2 OH- + 2h+  Fe4+(2O) + 2H2O
Fe4+(2O)  Fe4+ + O2

On the face Fe4+ sites (five-coordinated), the OH- can bind to the O(ads), to 
form O2H(ads), which on subsequent deprotonation and electron transfer yields 
end-on bonded O2. The O2 formation mechanism on the face sites can, 
therefore, be summarized as: 

Fe4+ + OH- + h+  Fe4+OH 
Fe4+OH + OH- + h+  Fe4+O + H2O
Fe4+O + OH- + h+  Fe4+OOH 
Fe4+OOH + OH- + h+  Fe4+OO + H2O
Fe4+OO  Fe4+ + O2
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1.6 Electrode Materials in PEC Cells for Direct Watersplitting.  

Any potential semiconductor electrode material in a photoelectrochemical 
cell for watersplitting must fulfill some specific criteria.  

The Criterion of the Bandgap Energy

The energy difference between the redox potential for hydrogen and oxygen 
evolution is 1.23 eV. Due to the over potential mainly associated with 
oxygen evolution and due to recombinations in the semiconductor materials, 
any candidate must have a bandgap larger than 1.23 eV. The optimum 
bandgap energy for photovoltaics is located between 1.2 eV and 1.4 eV,[28]

so for reasonable efficiencies an optimum candidate should not have a 
bandgap energy much larger than the optimum. 

 The Criterion of the Positions of the Band Edges 

- For hydrogen evolution, the quasi-Fermi energy of the electrons must be 
positioned energetically above hydrogen evolution, F(H+/H2), which means 
that the conduction band edge, C, must be positioned above hydrogen 
evolution, i.e. the normal hydrogen electrode, NHE, a(H2)=1, a(H+)=1.

- For oxygen evolution the quasi Fermi energy of holes must be positioned 
below oxygen evolution, F(H2O/O2), which means that the valence band 
edge, V, must be positioned below oxygen evolution, i.e. 1.23 eV from the 
NHE, a(H2)=1, a(H+)=1.

Fig. 9c illustrates the criteria of the bandgap and the band edge energies. If 
the criterion of the band edge energies is not fulfilled an additional potential, 
a bias, must be added. That may dramatically reduce the overall energy 
conversion efficiency of the system.  
  Data in Table 1.1 (plotted in Fig. 13) show the relationship between the 
band edges and the bandgap of some of the most common oxide and non-
oxide semiconductors. Matsumoto[67] suggested from a similar plot that the 
relationship between C, V, and g can be roughly represented by the 
following equations:

C (V vs. NHE) = 1.23 – g (eV)/2 (18a) 
V (V vs. NHE) = 1.23 + g (eV)/2  (18b) 

The above relationships originate from the band formation in transition 
metal oxides (for details see Matsumoto[67]). A plausible explanation for the 
converged point being 1.23 V is the energy position of the oxygen anion, a 
constituent in all the oxides. Eqs. 18a and b are plotted with dashed lines in 
Fig. 13. The equations indicate that the band edge energies, C and V, are 
controlled mainly by the bandgap, g. Moreover, they show that a bandgap 
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energy larger than about 2.46 eV is necessary for water photolysis without 
an applied bias voltage.  
  So far, the prediction by Matsumoto has proven difficult to practically 
overcome, which limits the usefulness of the stable and readily available 
metal oxides as direct watersplitting electrodes. InTaO4 (material  in Fig. 
13), is today the only metal oxide that has proved to fulfill the criteria of the 
band edges and split water under visible light irradiation.[68, 69]

The Criterion of Charge Separation and Interfacial Kinetics

After excitation of electrons from the valence band to the conduction band of 
the semiconductor quick charge separation is a must for all solar 
photovoltaics. Photoelectrochemical cells are no exception from that rule. 
This puts special quality demands on the material. For good charge 
separation it is important that the transport of electrons and holes are good in 
the material. To achieve this, a low density of bandgap states is desirable. 
Bandgap states are a result of impurities, irregular crystal structure, grain 
boundaries and interactions with other media or materials. For the specific 
case of watersplitting also fast interfacial kinetics is crucial. The interfacial 
kinetics can be improved by oxygen catalysts such as RuO2 or NiO, see 
section 1.5. 

The Criterion of Stability

As a general rule, the stability of semiconductors in aqueous electrolyte 
decreases with decreasing bandgap energy. This further limits the number of 
possible candidates. Many of the materials commonly used in solar cells of 
solid state character, like silicon, arsenide, sulfide, selenide, telluride and 
phosphor based electrodes, are not stable under prolonged exposure to the 
aqueous electrolyte. In addition to the electrolyte itself, illumination can also 
prove damaging on the semiconductor material. The holes created under 
illumination are reactive and might oxidize the material itself. In Fig. 13 the 
positions of the band edges of some common non-metal oxide 
semiconductors, most of them so called III-IV semiconductors, are given. 
Many of them show promising properties for direct watersplitting since they 
combine suitable band edge positions in combination with small bandgap 
that effectively can absorb a large fraction of the solar spectrum. 
Unfortunately, their low stability towards dissolution and photocorrosion in 
aqueous electrolytes precludes these materials as photoelectrodes in direct 
contact with water.

These four criteria mentioned above (bandgap energy, band edge positions, 
recombinations and stability) are the most important but for any commercial 
applications some additional criteria must be added. 
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Fig. 13. Band positions of several semiconductors in contact with aqueous 
electrolyte at pH 1. The white markers correspond to metal oxides semiconductors, 
while the greys mark semiconductors of other nature than oxide as pointed out in 
Table 1.1   

Table 1.1 
Symbol Semiconductor Bandgap 

energy/eV
Symbol Semiconductor Bandgap 

energy/eV
 Metal Oxides     

1 -Fe2O3 2.1 a InP 1.35 
2 InTaO4 2.6 b GaAs 1.4 
3 WO3 2.6 c CdSe 1.7 
4 TiO2 (rutile) 3.0 d CdS 2.3 
5 SrTiO3 3.2 e GaP 2.3 
6 TiO2 (anatase) 3.2 f SiC 3.0 
7 Nb2O5 3.4    
8 SnO2 3.8    
9 Ta2O5 4.0    
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The Criterion of Cost
The cost of the electrode is an issue, which depends on the supply of the raw 
material and the cost of fabrication. The supply is difficult to do anything 
about but thin film technologies can minimize the material needs. Good and 
innovative engineering, like in line production, is also important to reduce 
the fabrication costs

The Criterion of Environmental Friendly Material 

The last criterion is that the material is environmentally friendly and not 
harmful to health. This applies to the raw material itself as well as all steps 
in the production line.   

1.7 Electrode Materials in This Thesis. 

The future of photovoltaics is believed to belong to thin film solar cells.[13]

Thin film approaches are usually classified as those utilizing active 
semiconductor materials of approximately 10 µm or less in thickness. They 
offer the advantage of reduced material needs in combination with the 
possibility of producing large-area modules in a continuous process. All the 
electrodes studied in this thesis are of thin film character with the possibility 
of large-area production.  
  Apart from thin semiconductor layers, this work has also concentrated on 
finding inexpensive and stable semiconductor electrodes. Therefore, it is 
natural that the focus has been on metal oxides. They normally show 
excellent stability in most solutions and they are readily available. The 
disadvantage with metal oxides are that the conduction band are normally 
positioned energetically too low for direct hydrogen evolution, as discussed 
in the previous section (cf. Fig. 13). Therefore, to achieve watersplitting with 
metal oxides, a bias potential must usually be applied. Another disadvantage 

What to Look for in a Potential Semiconductor Material for 
Watersplitting. The Six Requirements: 

A bandgap larger than 1.23 eV (and preferably not bigger than 2.0 eV).
Position of band edge energies must be correct.
Efficient charge separation and low rate of recombination supported by fast 
interfacial kinetics. 
Good stability in exposure of aqueous electrolyte and irradiation. 
Cost should be low – that means good supply of materials and inexpensive 
production. 
Environmentally friendly.
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is the large bandgap energies of these materials that only allow absorption of 
a limited fraction of the solar spectrum.  
  Most of the semiconductor materials studied for direct watersplitting have 
been of metal oxide character. However, studies of nanostructured metal 
oxide electrodes for watersplitting are not commonly found in the literature. 
As mentioned nanostructured electrodes offer the advantage of a large 
internal surface area that reduces the current density over the semiconductor-
electrolyte interface and minimizes the overpotential for oxygen evolution. 
Moreover, in nanostructured nanocrystalline electrodes the distance for the 
holes to the SEI is short, which reduced the risk of recombination. In this 
thesis were nanostructured WO3, as well as nanorods of hematite and highly 
porous parallel penniform microstructure of nitrogen doped TiO2 fabricated 
and photoelectrochemically studied. 
  Apart from metal oxides also nitrides have been studied in this thesis. Few 
photoelectrochemical characterizations of nitrides are reported. One of the 
reasons nitride crystals have not been studied intensively is the difficulty of 
preparing good samples. Kocha et al.[70] studied GaN, which inspired us to 
sputter and photoelectrochemically study indium nitride.  
  Table 1.2 and Table 1.3, present short summaries of some general solid 
state characteristics plus a summary of the pros and cons of the materials 
studied in this thesis. For a more careful and detailed description of the 
materials and the specific electrodes, see Chapter 3. 

TiO2 Application 3. Superhydrophilic Surfaces 

The most recently discovered useful property of TiO2 is its photoinduced 
superhydrophilic surface. The contact angle for water at this material is nearly 
zero, which is unusual since contact angles for smooth surfaces are typically 
10º at the minimum.[61] In the hydrophilic effect, the photo generated electrons 
react with Ti4+ sites on the surface, reducing them to Ti3+.[61] In the process, 
some of the surface oxygen atoms are ejected. Then water is thought to react 
with these oxygen vacancies, producing Ti-OH sites. These are highly 
hydrophilic. Since O2 is normally present there will be competition with the 
formation of the superoxide radical (O2

-•). Depending on the ratio of these 
rates, some types of TiO2 films exhibit high photocatalytic activity and low 
hydrophilic activity, while others exhibit the opposite tendency. 
  The most obvious application for the superhydrophilic property is anti-
fogging coatings. Fog can be described as small water droplets, each with its 
own tiny refraction effect giving result to an overall light scattering effect. On 
the superhydrophilic surface, with the water contact angle being close to zero, 
the droplets will break up that minimize the refraction and the light scattering.  
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Table 1.2 
Material Doping Color Bandgap energy 

WO3 n-type 
oxygen vacancies 

olive green 2.6 eV 

-Fe2O3

(hematite) 
n-type 
oxygen vacancies 

brownish red 1.9-2.1 eV 

TiO2 n-type 
oxygen vacancies 

transparent 
or white 

3.0 eV (rutile) 
3.2 eV (anatase) 

InN n-type deep brown 0.7-2.0 eV 

Table 1.3 
Material Advantages Disadvantages 

WO3 •Good charge transport properties. • Relatively large bandgap 
• The c is located energetic-

ally too low to directly 
evolve hydrogen.

-Fe2O3

(hematite) 
•Inexpensive raw materials. 
•Easy to prepare polycrystalline 
samples, various methods can be 
used. 

•Absorbs in a large fraction of the 
visible range.

•Poor charge transport 
properties.

•The c is located energetic-
ally too low to directly 
evolve hydrogen.

TiO2 •The conduction band edge of 
anatase is positioned just above 
the NHE. 

•Good charge transport properties.

•Absorbs only in UV. 

InN •Absorbs light in a major part of 
the solar spectrum. Especially 
materials with bandgap energies 
around 1.4 eV is of interest.   

•Little studied material, could 
prove to be a good candidate. 

•The availability of indium.b

•Difficult to produce 
samples of good crystal 
structure.

b Indications exists that tin nitride has similar properties as indium nitride. Tin is a more 
abundant and less expensive metal, see article VII.
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The Pioneers 

Even if the technology may have changed, the idea to use hydrogen for 
transportation is not new. One of the pioneers was the engineer S. A. Andreé 
who led the Swedish three man strong hydrogen balloon expedition. With the 
words “Cut everything!”, Andreé took off together with his two colleagues in 
their hydrogen balloon “The Eagle” from Spetsbergen at 1:50 pm the 11th of 
July 1897. Their destination was the North Pole.  
  The team disappeared quickly out of sight in the direction of north east. That 
was the last time the Eagle was seen. It took 33 years until the remains of the 
expedition were found. Fortunately, their diaries and photographs were found 
in good condition that made it possible to rewind the fate of the Eagle and its 
crew. Due to ice formation, hydrogen leakage and with no ballast left, the 
Eagle emergency landed on the ice the 14th of July 1897 after having covered 
about 800 km in the air. However, in a straight line the team was only 400 km 
from where they started and to the North Pole it was still about 800 km. 
Shortly after the landing the three men started to back track south on the ice. 
After a rough hike full of hardships they arrived the 5th of October 1897 to 
Vitön where they built a small camp for the winter. Shortly afterwards, all 
three died, likely due to exposure and trichinae poisoning from meat of a shot 
polar bear.  

Fig. 14. The Eagle just after take-off the 11th of July 1897 

The Eagle was made of varnished Chinese silk and contained about 4500 m3

of hydrogen. They did not use solar energy to generate their hydrogen; instead 
they chose a non renewable recipe: 

For 5000 m3 of hydrogen: 2-3 tons of Iron Chips 
40.8 tons of Sulfuric Acid 
76 tons of Water 

Grenna Museum - Andréexpeditionen Polarcenter is acknowledged for the 
picture and the information. www.andree.grm.se  
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1.8 Efficiency and State-of-the-art 

The conversion efficiency, , for a chemically unbiased photoelectro-
chemical cell that splits water into hydrogen and oxygen can be determined 
from the magnitude of the external applied potential, Ubias, to support the 
reaction, and the current generated in the photoelectrochemical reaction, jp.
For theoretical estimations the photo current can be calculated as the integral 
of the product of the spectral quantum yield, ( ,Ubias) and the spectral 
distribution of photon flux density, Nph( ),[71] such as that obtained from the 
widely used global air mass 1.5 (AM1.5) solar spectrum, i.e.,

AM1.5

bias
0
re

bias

0

phbias
I

UUe
dU,NU v  (19) 

where U0
rev = 1.23 V is the standard-state reversible potential for the 

watersplitting reaction and IAM1.5 is the total power density of AM1.5. An 
overall efficiency of at least 10% is often stated[72] as a rough guideline for 
what is needed to compete with conventional ways of producing hydrogen, 
for instance by steam reforming of natural gas. To achieve this it is crucial to 
incorporate not only the energetic UV fraction but also the visible light 
region of the solar spectrum. The peak efficiency occurs for a single bandgap 
photoconverter in the range 1.2 to 1.4 eV where an efficiency of up to 32% 
can be achieved.[28] For a tandem device, where two light harvesting 
electrodes operate in series to cover a broader range of the solar spectrum, 
the theoretical upper limit is around 41%.  
  In Fig. 15 the photocurrent under AM1.5 illumination as a function of 
applied potential is plotted for various overall efficiencies according to Eq. 
19.
  10% solar to chemical conversion efficiency has been practically proven. 
Heller and co-workers[73,74] showed that efficiencies up to 12 % could be 
achieved with limited stability by p-type InP. Another example of high 
efficiency is the work by Turner et al.[75] They used a highly efficient solid-
state photovoltaic cell (p-nGaAs) integrated in a photoelectrochemical 
device consisting of p-GaInP2. Efficiencies of 12% were obtained with this 
approach. Neither of the two PEC systems described above are stable over 
prolonged exposure but they are fundamentally important since they prove 
that efficiencies over 10 % can practically be achieved.  
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Fig. 15. The photocurrent density needed for achieving various overall efficiencies 
plotted as a function of applied potential. The graphs are based on Eq. 19 and
AM1.5. 

Another interesting work in the field of watersplitting is the recent 
contribution by Arakawa and co-workers.[69] They proved practically the 
important point that direct watersplitting can be achieved by visible light 
irradiation of a single bandgap materials without applied bias. The material 
studied was InTaO4 doped with nickel and loaded with partly oxidized nickel 
or RuO2. This type of metal oxide material proved capable of splitting water 
by visible light. The most effective photocatalyst was In0.90Ni0.10TaO4 loaded 
with partly oxidized nickel that gave a quantum yield about 0.66%.  
  As for multiple-photoconverter systems, one promising system is the 
tandem device described by Grätzel et al.[76,77] Their inexpensive approach is 
based on nanocrystalline WO3 biased by a dye-sensitized nanocrystalline 
TiO2 solar cell. The solar cell is placed behind the WO3 film to absorb the 
transmitted light through the WO3. The overall solar light to chemical 
conversion efficiency of this device is reported to be 4.5%. Instead of WO3 it 
should also be possible to use hematite.  
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1.9 Other Photosystems for Oxidation of Water 

There are other alternatives for renewable hydrogen production. It is 
important to compare with those approaches and critically reflect whether 
photoelectrochemical hydrogen production is a compatible technique. The 
most obvious technique is photovoltaic modules connected with 
electrolyzers. This approach has advantages compared to a 
photoelectrochemical system. First, the problems of corrosion are minimized 
since the electrolyte is separated from the sensitive photoactive materials in 
the solar cell. Secondly, there is no need for matching of the band energies 
with the redox potential for oxygen and hydrogen evolution. Since the 
technology and industry for both solar cells and electrolyzers already exist, a 
larger production of renewable hydrogen producing devices could be 
achieved with little technological efforts. Before that will happen, though, it 
is crucial that the cost of solar photovoltaics is reduced. In such a combined 
system, if adequately designed, the overpotentials can be low since the 
current density from solar cells (unconcentrated light) never exceeds the 60 
mA/cm2 regime. Licht et al.[78,79] studied a system where a photovoltaic cell 
was connected to an electrolyzer of considerably larger area than the 
photovoltaic cell itself. The ratio of the electrolysis area and the illuminated 
was 45. Platinum and RuO2 were used as hydrogen and oxygen catalysts, 
respectively. With this design, it was possible to combine high solar cell 
efficiency with very low current density over the electrolyzer. That 
minimized the overpotential needed for water oxidation and an overall 
efficiency as high as 18.3% was obtained. The current density in the 
electrolyzer was 0.5 mA/cm2, which reduces the potential to drive the 
electrolysis to only 1.36 V. The latter corresponds to an electrolyzer 
efficiency of over 90%. 
  Licht[80,81] has inventoried the area of photothermal watersplitting. The 
basic idea behind photothermal watersplitting is to separate the incoming 
solar irradiation in a high energetic portion that is used to drive charge 
transfer, while the low energetic portion is used as a thermal source to raise 
water to an elevated temperature. The energy needed to split water decreases 
with temperature, which gives the combined approach of photothermal 
watersplitting overall solar energy conversion efficiencies in the 50% range. 
So far this approach has not been tried in reality. Licht and co-workers[82]

have also discussed molten NaOH (with dissolved water) as a possible 
electrolyte for watersplitting. With this electrolyte only half the potential was 
found required to split water at 500ºC compared to at room temperature. 
This was valid over a wide range of current densities. 
  Also included in the semiconductor based systems for hydrogen evolution 
are the concepts of mechanocatalysis and sonophotocatalysis. Domen et 

al.[83,84] reported about mechanocatalysis for watersplitting where metal 
oxides such as NiO, Co3O4, Cu2O, Fe3O4 and CuMO2 (M=Al, Fe, Ga), in 
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aqueous suspension under magnetic stirring decompose water into H2 and 
O2, without injection of any photonic or electric energy. It was stated that the 
reaction proceeded by the mechanical energy provided by rubbing the oxide 
powder at the interface between a rotating stirring rod and the bottom of a 
reaction vessel. Although they suggested the participation of reduced 
metallic Cu, Ni, and Co were of importance to produce H2 the contributing 
mechanisms, especially for O2 evolution, remain open. Harada et al.[85]

introduced the concept of sonophotocatalytic decomposition of water using 
TiO2 photocatalyst. It was found that pure water was decomposed to H2 and 
O2 by the simultaneous irradiation of light and ultrasound. It was also found 
that it was possible to sonophotocatalytically split water with visible 
irradiation (  > 430 nm) of powdered BiVO4.

[86]

  Another approach is the AgCl self-sensitization photoanode designed for 
oxidation of water to O2 and H+, suggested by Calzaferri et al.[87] The AgCl 
system was employed as the anodic part in a photoelectrochemical cell and 
light assisted watersplitting was reported. 
  Apart from semiconductor based systems, there are other non biological 
systems designed to photoevolve oxygen from water. It is known that 
[Ru(bpy)3]

3+ and its derivates used as photosensitizer are capable of 
oxidizing water to O2 at the surface of a colloidal and bulk heterogeneous 
catalyst such as IrO2.

[88] However, the sensitizer has a short lifetime, and its 
turnover number does not exceed 100, even under the most optimized 
conditions.[88]

  In nature, plants convert solar energy to chemical energy. Studies have 
been devoted to understanding the basic processes of photosynthesis and the 
construction of chemical complexes that are able to mimic the processes of 
photosystem II, (PS II). However, it has been difficult to construct a 
chemical based system because of the difficulty to couple a four-electron 
transfer cycle for water oxidation with four consecutive one electron 
excitations at the photosensitizer.[89] Ru[(bpy)3]

2+ complexes covalently 
linked to a manganese(II) complex has been successfully used as a first step 
of mimicking PS II.[90] It has been shown that intramolecular electron 
transfer occurs from manganese to photooxidized Ru(III) in acetonitrile 
solution when methyl viologen (MV2+) is used as electron acceptor.[90, 91]

However, so far no oxygen (and consequently no hydrogen), has been 
produced by any of the large number of dye-manganese-complexes studied. 
Although at a glance a bio-mimetic system may look very attractive and 
innovative, the obstacles to pass before a functioning dye-manganese 
complex is created seem enormous. It is reasonable to believe that no results 
can be expected in the near future and the question is what can such a 
vulnerable chemically and physically complex system add with respect to 
efficiency and long term stability compared to a solid state systems. 
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Chapter 2 

Experimental Section 

This chapter describes the preparation techniques used to fabricate the 
photoactive electrodes. An introduction is also given to the photoelectron-
chemical experimental set-up and related solar simulators. For detailed 
information about electrochemistry and solid state characterization, there are 
plenty of good text books around. 

2.1. Electrode Preparation. 

All electrode materials for photoelectrochemical measurements were 
deposited on conducting glass substrate consisting of fluorine-doped SnO2.
The sheet resistance of the conducting substrate was typically of 8 /
(Tec8, Hartford Glass Company, Inc.). Normally, 5×5 cm2 areas of the 
conducting glass were deposited and electrodes, typically 1 to 0.5 cm2 in 
size, were cut from those pieces for photoelectrochemical characterisation. 
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The electrical contact was established by contacting the conducting layer of 
the glass substrate with a copper wire and silver conductive paint. Exposed 
areas of the back contact and edges were carefully sealed with epoxy resin.  

2.1.1. Electrodes Prepared by Means of Chemical Synthesis 

2.1.1.1 Nanostructured Tungsten Trioxide, WO3

The preparation of colloidal solutions of WO3 was adapted from a well-
established method[92] in which the colloidal solution was obtained by 
passing 0.25 M Na2WO4 through a column filled with proton-exchange resin 
in which Na+ was substituted by H+; see article I. To obtain a good porous 
film and to assist the wetting of the substrate, 0.0520 g of carbowax per 10 
mL of the solution and 1 drop of Triton X-100 per millilitre of the solution 
were added into the colloidal solution, which then was stirred for > 6 h. 
Nanostructured WO3 films were obtained by depositing the carbowax-WO3

mixture onto a conducting glass substrate. Dried films were first heated at 
140 C for 15 minutes and then sintered in air at 500 C for 60 min. Up to 5-

m thick films were obtained by repeating this procedure.  

2.1.1.2 Hematite Nanorods

The hematite nanorods (article II) were synthesised according to a method 
described by Vayssieres et al.[93] The thin film electrodes of hematite 
nanorods were produced with reagent grade chemicals in an aqueous 
solution containing 0.15 M of ferric chloride (FeCl3

. 6 H2O) and 1 M of 
sodium nitrate (NaNO3) at pH 1.5 (set by HCl) in a regular stopped flask 
containing the conducting polycrystalline tin oxide substrate. Subsequently, 
the flask and its contents was heated in a regular oven at 100 C for up to 24 
h followed by a thorough wash with water to remove any residual salt. 
According to XRD, the pure akaganeite phase is obtained first, and an 
additional heat treatment in air at T  390 C (according to differential 
scanning calorimetry, DSC) for an hour is required to obtain the pure 
thermodynamically stable crystallographic phase of ferric oxide (i.e., 
hematite) designed with the required nanorod morphology.[93] The films 
consisted typically of fairly perpendicular crystalline nanorods of around 5 
nm in diameter. The nanorods were self-assembled as bundles of about 50 
nm in diameter. The film thickness was determined to be of 700 nm by 
profilometry (Tencor Alpha Step). For a more detailed description of 
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hematite nanorods and other chemically synthesized metal oxides reference 
[94] by Vayssieres is recommended.  

2.1.2 Sputtered Thin Film Electrodes 

The thin films in articles III-VI were deposited by reactive DC magnetron 
sputtering in a system based on a Balzers UTT 400 vacuum chamber, see 
Fig. 16a. The targets were 5-cm-diameter metallic plates of Ti (99.9% pure) 
or In (99.9% pure). The target-to-substrate distance was 13 cm, which is 
larger than in conventional sputtering to make thin films. The deposition 
took place under oblique angle conditions with 50° between the substrate’s 
surface normal and the mean direction of the sputter flux, as outlined in 
reference [95] and sketched in Fig 16b.  

   

Fig. 16. a) Photograph of the sputter system. b) outline of the oblique angle set-up in 
the sputter chamber.

In article III-V nitrogen doped TiO2 was sputtered in an environment of 
nitron, oxygen and argon. The nitrogen gas flow ratio, , was kept constant 
during the deposition by mass-flow-controlled gas inlets; it is defined as 

 = f(N2) / f   (20) 

where f is the total flow rate, i.e.

f = f(O2) + f(Ar) + f(N2)   (21) 
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and f(O2), f(Ar) and f(N2) are the individual flow rates of the gases. The 
f(O2)/f(Ar) gas flow ratio, , was kept at a constant value of 0.06, while the 
total gas pressure was maintained at ~12 mTorr.  

2.2. Photoelectrochemical Characterisation 

When studying photoelectrochemical reactions it is important to fix the 
measured values of the light induced reactions to a certain energy scale 
relative to some reference. One practical way of doing this is by using a 
three electrode set-up, where a potentiostat keeps an applied potential of the 
working electrode relative to a reference electrode. All potentials mentioned 
in this thesis are referred to the Ag/AgCl electrode. According to the 
manufacturer’s calibration, the Ag/AgCl reference electrode used had a 
potential of +197 mV vs. the normal hydrogen electrode, NHE, at 25 C. By 
varying the wavelength, illumination direction and intensity of the incident 
irradiation valuable information about the electrode properties were 
obtained.
  A schematic illustration of the monochromatic experimental set-up is given 
in Fig. 17 and described in paper II. Also a description on how to calculate 
the incident photon-to-current efficiency, IPCE , is given there. 

Monochromator

Potentiostat

WE REF CE

Beam splitter

LensLens

Photodiode

Lamp

Water
filter

Intensity
adjustment
filter

Fig. 17. Experimental set-up for monochromatic 3-electrode measurements. 

2.3 Solar Simulators 

Two types of lamps were used as solar simulators: a microwave powered 
sulphur plasma lamp, Light Drive 1000 type 1400-E2/1 (paper I-V) and a 
150 W xenon arc lamp (paper V-VI). The light intensity was measured by a 
pyranometer (Kipp & Zonen CM 11) and corrected through measuring the 
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photoelectric conversion efficiency for a dye-sensitized TiO2 nanostructured 
solar cell (absorption edge around 750 nm) in direct sunlight at noon during 
a clear summer day in June. The current-voltage characteristic was then 
recorded by use of the Light Drive 1000 set-up and the xenon lamp, and the 
position of the cell was adjusted to obtain the same i-V curve as in the sun. In 
Fig. 18a the solar spectrum (AM1.5) is plotted together with the sulphur 
lamp spectrum. The sulphur lamp spectrum is adjusted to give the same 
intensity for wavelengths below 750 nm as the AM 1.5 spectrum. In Fig. 
18b, the spectrum of a 150 W xenon arc lamp is plotted together with the 
AM 1.5 solar spectrum. Also here the solar simulator is fitted to give the 
same intensity as the solar spectrum up to 750 nm. It can be seen that the 
xenon lamp gives a pronounced intensity in the UV region. 
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Fig. 18. Spectral distribution of the a) sulphur plasma lamp and b) a 150 W Xe arc 
lamp, plotted together with the AM1.5 solar irradiation.  

  The calibration procedure described above is fairly good intensity wise for 
hematite (absorption edge around 600 nm) and for nitrogen doped TiO2

(absorption edge around 550 nm), while it is too low for materials with 
wider bandgaps such as WO3 and TiO2. Even if the intensity is similar to real 
solar conditions, the spectral distribution of the light is quite different. 
According to the specification for the sulphur plasma lamp, the light 
intensity for wavelengths below 380 nm is less than 0.8 % of the total 
output. This is one of the reasons why the reported photocurrent densities 
with the sulphur plasma lamp are lower than the ones obtained with the 
xenon lamp. Based on the quantum efficiency of the doped TiO2 (paper V,
Fig. 8a) a photocurrent density of 2 mAcm-2 is expected under real solar 
irradiation, about 15 % less with the sulphur lamp and about 10% more with 
the xenon lamp, for an applied bias of 0.7 V vs. Ag/AgCl. Instead a 
photocurrent of one magnitude less is reported. To some extent this is due to 
the spectral distribution of the sulphur plasma lamp but above all to non-
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linear behaviour between light intensity and photocurrent density. The 
quantum yields were obtained with low light intensities (e.g. 1 mWcm-2 at
470 nm), while the intensity of the sulphur lamp is about a factor 100 larger. 
  Failing to take the spectral photon distribution into account generally 
produces misleading efficiency numbers for real solar applications as 
recently being stressed by Hägglund et al.[71] The distribution and the 
intensity of the sulphur lamp (article I to V) does not differ from the solar 
spectrum in such a way that it favours the material being studied. However, 
the xenon lamp in article VI has a more advantageous photon distribution 
compared to the solar irradiation, which should be kept in mind.        
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Chapter 3 

Results and Discussion 

In this chapter the major results from articles I-VI are presented and briefly 
discussed in relation to other studies and findings on the respective 
materials. 

3.1. Nanostructured Tungsten Trioxide, WO3

a) Introduction.

Tungsten trioxide, WO3, is an n-type metal oxide semiconductor primarily 
known for its good electrochromic and gas sensor properties.[96] It is mainly 
used and studied for applications such as displays, sensors and smart 
windows.[96] There are also some reports on WO3 as photoanodes in PEC 
cells for direct watersplitting.[32,97,98] Most of the photoelectrochemical 
studies on tungsten trioxide have been on compact polycrystalline 
electrodes[32,97,98] or WO3 powders.[99-101] The breaktrough of dye-sensitized 
solar cells in 1991 highlighted the advantages of nanostructured 
semiconductor thin film electrodes for photoelectrochemical purposes.[16]
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Nanostructured electrodes are above all characterized by a large internal 
surface area. Ulmann et al.[102] reported high efficiency for nanostructured 
WO3 in aqueous electrolyte, which inspired to fabricate and characterize 
nanostructured WO3 as an electrode material for water oxidation, see paper 
I.

b) Some Illustrative Results of Article I 

Solid State Characteristics of Nanostructured Thin Films of WO3. The
morphology of the films was investigated by means of scanning electron 
microscopy (SEM), which revealed that the films were nanostructured, with 
a particle sizes in the range 30 to 50 nm. The X-ray diffraction pattern of the 
film indicated the main characteristic peaks of monoclinic structured WO3.
  The absorption edge of the nanostructured WO3 films was located around 
480 nm, corresponding to a band gap of 2.60 eV. That is in good agreement 
with other reports on nanostructured WO3.

[103,104]

Photoelectrochemical Studies. The incident photon-to-current conversion 
efficiency (IPCE ) and the quantum yield ( ) were recorded for the WO3

films of different thickness in 0.5 M NaClO4 (pH 4.68) at 1000 mV, see Fig. 
19a and b. The action spectra fit the absorption data well; the onset for 
photocurrent was located around 480 nm. The IPCE  and the quantum yield 
are higher for back-side illumination (SE-illumination) than to front-side 
(EE-illumination). This is typical photoelectrochemical behaviour of a 
nanostructured electrode,[58] where the charge transfer of photogenerated 
electrons is more efficient close to the back-contact of the electrode. Both 
IPCEEE and IPCESE increased with film thickness. Thicker films (than 5 m) 
will likely give even higher IPCE:s. It is interesting to note that the quantum 
yield is close to unity below 450 nm, which indicates a low rate of 
recombination. Accordingly, the charge transport of photogenerated charges 
is rather efficient in the nanostructured film. This suggests that the diffusion 
length of electrons, L, in the present system may be quite long. By solving 
the diffusion equation as proposed by Södergren et al.[49] the diffusion length 
of electrons in the nanostructured film was determined. The diffusion length 
of electrons in the present WO3 films was estimated to be L = 4.3  0.4 m
for a 3.5 m thick film and L = 6.7  0.4 m for a 5.0 m thick film. These 
estimations indicate that the diffusion length of the electrons is of the same 
order as in nanostructured TiO2.
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Fig. 19. Quantum yields and IPCE of WO3 films of different thickness in 0.5 M 
NaClO4 (pH 4.68) at 1V vs Ag/AgCl. (a) Illumination through the EE interface. (b) 
Illumination through the SE interface.  
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c) Summary 

Nanostructured WO3 thin films were prepared and photoelectrochemically 
characterized in aqueous electrolyte over a broad potential range and at 
different temperatures around room temperature. 
  The action spectra followed the absorption of the films well. The 
wavelength threshold for photocurrent was around 480 nm, and for 
wavelength shorter than 440 nm a quantum yield close to one was observed. 
It was concluded that the diffusion length of electrons in WO3 is similar to 
that of electrons in TiO2. The good transport of charge carriers makes 
nanostructured WO3 a very interesting photoelectrode material. The limiting 
factors of the prepared nanostructured WO3 electrode are the relative large 
bandgap in combination with difficulties of preparing electrodes thicker than 
5.0 m for optimal light absorption. The former difficulty can be overcome 
by combining the photoanode with a second light absorbing electrode that 
absorbs wavelengths larger than 480 nm. This tandem approach has 
successfully been employed by Grätzel and co-workers.[72]
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3.2. Hematite Nanorods, -Fe2O3

a) Introduction.

It is easy to understand that hematite, -Fe2O3, has received considerable 
attention as a potential watersplitting material.[105] Hematite is the stable 
oxidized state of iron oxide, i.e. rust. The red coloured material shows 
excellent stability in most environments and absorbs light in the visible 
region. However, so far low efficiencies due to high rate of recombination 
have limited the performance of the material.
  It is mainly compact electrodes of hematite that have been studied. 
However, Björksten et al.[77] studied the photoelectrochemical properties of 
nanostructured hematite electrodes. They found low efficiencies, partly due 
to poor charge transport over grain boundaries. Therefore, crystalline 
nanorods[106] of hematite were modelled and designed for no grain 
boundaries. This was carried out to decrease the bulk recombinations by a 
better structural match of the nanorods diameter and the diffusion length of 
the minority carrier (i.e. hole). 
  In article II, the aqueous photoelectrochemical response of hematite 
nanorods is reported.  

b) Some Illustrative Results of Article II 

Solid State Characteristics. XRD measurements confirmed a pure hematite 
phase. The absorption edge for hematite nanorods was located around 600 
nm, which corresponds to a bandgap of around 2.1 eV. This is consistent 
with previous results of hematite.[105] Fig. 20a and b show a SEM top view 
and a TEM cross section picture, respectively. The TEM cross section 
picture reveals a thin layer of polycrystalline hematite between the substrate 
and the hematite nanorods. 

Fig. 20. SEM topview (a) and TEM cross-section (b) pictures of hematite nanorods. 

a b
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Photoelectrochemical Studies. The photocurrent action spectra of the 
hematite nanorod film showed typical nanostructured behaviour with better 
IPCE for SE illumination than EE illumination; see Fig. 21. For these 
measurements a three-electrode set-up was used with an applied potential of 
+300 mV vs. Ag/AgCl. The electrolyte was 0.1 M NaOH.  
  The pronounced difference in the IPCE values between EE and SE 
illumination (i.e. IPCESE is twice the IPCEEE at 350 nm) reveals that the 
collection of the photogenerated electrons across the hematite film is poor. 
Nevertheless, the difference in the present investigation is significantly 
smaller than in the nanosized isotropic ‘random walk’ hematite particle 
system reported by Björksten et al.[77]
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Fig. 21 Absorption spectrum and action spectrum for hematite nanorods electrode in 
3-electrode setup. Aqueous 0.1 M NaOH was used as electrolyte. The data pertain to 
IPCESE ( ), IPCEEE ( ) and absorption ( ).

It can be observed that even in hematite nanorods with minimized grain 
boundaries and short diffusion length of holes, the photoresponse is still low. 
The recombination rate is high and the IPCE is accordingly just a few 
percent, (cf. Fig. 21). The reason for the poor photoresponse is a high rate of 
bulk recombination in combination with slow interfacial kinetics. It is not 
enough just to reduce the grain boundaries and minimize the distance for the 
holes to the electrolyte. Likely is an internal electric field, so called band 
bending, needed for good separation and transfer of light induced charge 
carriers.  
  The three electrode jU characteristics were also poor. The photoresponse in 
0.1 M NaOH was low; only a couple of µA/cm2 was achieved with a sulphur 
lamp illumination of 1000 W/m2.
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c) Summary.

Hematite nanorods, as revealed by SEM and TEM cross-section pictures, 
were produced and investigated as photoelectrodes in aqueous electrolytes. 
The photoresponse was improved compared to spherical nanostructured 
hematite films.[77] However, the efficiency of the electrode was still low. The 
hole transfer kinetics of hematite, even in nanorods with few grain 
boundaries and matching diameter with the diffusion length of minority 
carriers, is too slow compared to the life time of the charge carriers. Likely 
reduces the polycrystalline hematite layer between the nanorods and the 
back contact also the photoresponse.  
  The studies here, together with the detailed review (article VII) indicate 
that an internal electric field is needed in hematite as a separation 
mechanism for electron-hole pairs. Especially spray-pyrolised hematite 
seems like an interesting electrode material for water splitting.[105] Spray-
pyrolised hematite was also obtained and studied at our laboratory (article 
XI) with promising results.
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3.3. Nanostructured Nitrogen Doped Titanium Dioxide, TiO2-xNx

a) Introduction.

Titanium dioxide, TiO2, has been intensively studied over the past thirty 
years. The interest in TiO2 mainly originates from its use in dye-sensitized 
solar cells and in photocatalytic applications such as self cleaning surfaces, 
waste water treatment and antibacterial products.[61]

  Despite the many interesting properties of TiO2 the material has a big 
disadvantage; its bandgap (3.0-3.2 eV) only allows UV absorption. Since the 
UV fraction of the solar spectrum only constitutes about 5 % of the total 
solar irradiance, the overall efficiency of a pure TiO2 based system will never 
exceed that value. Considerable efforts have been invested into the second-

generation TiO2 photocatalysts[107] that also can operate under visible light. 
One approach to extend the absorption into the visible part of the spectrum is 
doping.c Most common are dopants of electropositive elements such as Cr, 
Fe and V[108] that partly replace Ti4+ but also electronegative elements such 
as N, S, F have been used for partly replacing O2-. The former group of 
dopants has so far been found to a large extent counteract an increased 
photoresponse since they also give rise to sites that work as recombination 
centers. That was one of the reasons that initiated the studies of 
electronegative dopants.
  Already in 1986, Sato[109] reported on photocatalytic activity in visible light 
for nitrogen doped TiO2 prepared and calcinated with NH4OH. However, it 
took almost 15 years from then until nitrogen doped TiO2 was again 
considered for photocatalytic applications. It was reported that nitrogen 
doped TiO2 (i.e., TiO2-xNx) shows a narrower band gap and a better 
photocatalytic activity under visible light than the corresponding undoped 
TiO2

[110,111] Also sulfur[112-114] and carbon[115,116] atoms have been used for 
creating visible light response in TiO2.
  Here nitrogen doped TiO2 prepared by reactive sputtering is reported. Solid 
state characteristics, such as TEM, XRD and optical properties, are discussed 
as are photoelectrochemical properties of the material.  

c Doping is here used in a broad sense meaning modification of the material by foreign atoms. 
The amount of foreign atoms is considerably higher than traditionally used for doping for 
applications in electronics. Doping not only alters the charge transfer properties, but also 
affects the crystallinity and optical characteristics of the material. 
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b) Some Illustrative Results of Articles III-V

As a part of this thesis, nitrogen doped TiO2, TiO2-xNx, was prepared by 
reactive sputtering (see section 2.1.2) and thoroughly characterized. Article 
III describes the sputtering procedure for the films plus some solid state 
characterization such as XRD, SEM, TEM, XPS and optical properties. In 
article IV the photoelectrochemical properties of the material are studied and 
a clear optimum in nitrogen concentration is found. Finally, in article V and 
IX the watersplitting properties of the optimized material are studied.   

Solid State Characteristics. The nitrogen doped TiO2 films in article III-V
were fabricated with reactive sputtering, a technique that offers many 
parameters to be tuned. The yellow looking nitrogen doped TiO2 could be 
obtained either as anatase, rutile or mixtures of those two crystal structures 
by changing the amount of nitrogen present during sputtering, see article III.
For photoelectrochemical purposes a nitrogen gas ratio of  = 0.056 was 
found optimum. (See section 2.1.2. for a definition of nitrogen gas ratio.) 
That ratio gave a film of mainly rutile character. By XPS (article III) it was 
found that the photoactive film had a nitrogen content equal to x = 0.013 
(i.e., 0.65 % of the oxygen atoms were replaced by nitrogen atoms). The 
sputtered nitrogen doped films had an absorption threshold located around 
550 nm (2.3 eV); cf. article III. That is consistent with other reports.[110,117]

Fig. 22 illustrates a TEM image of a cross-section through a film deposited 
with a nitrogen gas ratio, , of 0.056, article III. A porous parallel 
penniform microstructure[95] can be seen over the full cross-section of the 
nitrogen doped TiO2 films. It is similar to the structure in samples that were 
previously sputter deposited under analogous conditions, though without 
nitrogen addition.[95,118,119]

Fig. 22. Transmisson electron micrograph, TEM, of a cross-section through a sputter 
deposited TiO2-xNx (x=0.013) film. 
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Photoelectrochemical Studies. The action spectra for dyed and as prepared 
films of TiO2-xNx in an electrolyte consisting of 0.5 M LiI and 0.05 M I2 in 
ethylene carbonate/propylene carbonate (50:50% by weight) is shown in Fig. 
23 (from article IV). The overall similarity of the intensity of the IPCE

spectra in Fig. 23 for the dye sensitized TiO2 films suggests that nitrogen 
doped TiO2 films are able to handle the electron transport in the conduction 
band equally well as the undoped TiO2 films. Data for the as-deposited TiO2

films correspond well with the optical properties of the films. It can also be 
observed that in the UV region the nitrogen doped TiO2 electrodes show 
lower IPCE  values than in the undoped film. This is typical photoelectro-
chemical behaviour for films with states in the bandgap.  
  One of the reasons for recombination in the material is problem of 
transferring holes to the semiconductor-electrolyte interface. The transport of 
holes in the nitrogen-induced bandgap states is likely not as good as the hole 
transport in the valence band of undoped titanium dioxide. At the interface, 
the holes generated by visible light have reduced oxidative power compared 
to UV generated holes. This can also partly explain high rate recombination 
in visible light. 
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Fig. 23. IPCE  for as-deposited and dye-sensitized films of sputter deposited 
titanium dioxide in 0.5 M LiI and 0.5 mM I2 in ethylene carbonate/propylene 
carbonate (50:50 % by weight) studied in a two-electrode set-up. No bias was 
applied, and the illumination was from the substrate/electrolyte interface. The 
values correspond to different nitrogen gas ratios used during sputtering. 

Current density j vs. voltage U was analyzed in 0.1 M NaOH in the dark and 
under illumination, article V. Some specific features of nitrogen doped TiO2-

xNx were observed: 
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1) The photocurrent onset was found to depend on the scan direction. 
Scans starting from anodic potentials and going cathodic gave a 
more anodic onset than corresponding scans starting from the 
cathodic region and going anodic. The onset of the photostationary 

anodic current (–0.5 V vs Ag/AgCl) was located between the onset 
of the cathodic and the anodic scans.  

2) The photocurrent onset was found to vary with light source. UV 
irradiation gave a more cathodic photocurrent onset than visible 
light.

3) Cathodic scans gave rise to a cathodic current negative of the Uon at 
–0.13 V. This cathodic current was induced by illumination at 
anodic potentials. 

Combining the observed jU behavior of nitrogen doped TiO2 it was proposed 
that nitrogen doping not only introduces states above the valence band edge, 
as earlier suggested,[110] but also introduces states below the conduction band 
edge. Since these states were activated to work as long-lived electron traps 
by light (even at  > 715nm), they have different properties than those earlier 
found for TiO2 Ti3+ (3d) states, which also are located below the CB. They 
can therefore not be identified with latter but rather are a consequence of the 
nitrogen doping. The density of those states could roughly be compared in 
number with the density of nitrogen atoms in the material. A schematic 
picture of the energetics and light induced processes in the TiO2-xNx thin film 
photoanode is given in Fig. 7 of article V.
  In article V a to our knowledge new innovative method for oxygen 
detection was presented. The studied photoelectrode was used as both 
oxygen evolver and oxygen detector. This proved to be an easy and straight 
forward method to qualitatively detect evolved oxygen. 

c) Summary

Visible light photoactive TiO2 films were successfully prepared by reactive 
sputtering. It can be concluded that nitrogen doping creates states above the 
valence band edge and states below the conduction band edge. The hole 
transport in and/or the hole transfer in the subsequent oxidation of water 
together with the states under the conduction band edge reduce the efficiency 
of TiO2-xNx as a photoanode. 
  Increasing the doping density should improve the mobility of the hole at 
will; on the other hand most probably it would also enhance states below the 
conduction band edge and accordingly increase the electron hole 
recombination. This can explain the pronounced optimum in the nitrogen 
content for giving the best photoresponse. 
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3.4. Sputtered Indium Nitride, InN 

a) Introduction.

There are few photoelectrochemical studies reported on nitrides. Kocha et 

al.[70] investigated GaN, which inspired to sputter deposit InN and tin nitride, 
SnxNy, (article VII and X), and study them by photoelectrochemical 
techniques. In the latter study it was concluded that the materials displayed 
promising properties as photoanodes in aqueous electrolyte, although the 
efficiency was low. Since then it has been reported that InN can be 
transformed to In2O3 by annealing in N2

[120] or air.[121] In article VI a series of 
films, with compositions gradually going from InN to In2O3, was prepared 
by annealing of sputtered InN films in N2 at elevated temperatures. Solid 
state characteristics, as well as photoelectrochemical properties in aqueous 
electrolyte of those films were studied. 

b) Some Illustrative Results of Article VI.

Solid State Characteristics. The indium nitride thin films in paper VI were 
prepared with reactive sputtering (see section 2.1.2). The as prepared films 
were colored deep brownish and were specular to the eye. The studied films 
had a film thickness around 0.25 µm. The films were post treated in N2

(N57, 99.9997 %), in the temperature interval 350°C-500°C for 15 hours. 
The source of oxygen was attributed to oxygen contaminations in the N2 gas.
  XRD revealed that the nitride films could sustain a temperature of 400ºC, 
higher temperatures gradually introduced crystalline In2O3. At 500ºC the 
nitride samples completely oxidized to In2O3. SEM top views of the 
sputtered films (not annealed) revealed rough and porous surfaces of small 
rounded partly free standing particles of agglomerated nanocrystals. 
Annealing made the surface of the films denser and larger homogenous 
grains formed at films annealed at 500°C. A sharp onset of absorption for the 
as prepared film was found around 900 nm or 1.4 eV. The as prepared 
sample also showed absorption in NIR that indicates a high density of free 
electrons. Annealing at temperatures above 400°C reduced the absorption in 
the NIR as well as in the visible range.  
  In Fig. 24 the absorption coefficient, , is plotted versus the photon energy, 
h . Two distinct groups of graphs can be seen: those belonging to films of 
predominantly nitride-like structure (annealed at T  425 °C) and those of 
predominantly oxide-like structure (for T > 425 °C). The absorption edges 
are positioned at ~1.4 eV for the nitride group and at ~3.2 eV for the oxide 
group. A gradual shift of the absorption edge with annealing is not observed 
(cf. Fig. 24), instead a gradual decrease of the absorption coefficient can be 
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seen in the visible range of the spectrum i.e. for photon energies  3.0 eV. 
Surprisingly, the change in the film composition caused by annealing gave 
no significant change in the room temperature resistivity. A plausible 
explanation is that sintering improves the overlap of the particles thereby 
increasing the cross sectional areas for lateral conduction. Such a mechanism 
would compensate for the reduced electron concentration and explain the 
unexpectedly small change in conductivity. 
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Fig. 24. Absorption coefficients, , of as prepared and annealed thin films plotted 
versus the photon energy, h .

Photoelectrochemical Studies. The photocurrent density – i.e., the 
difference in current response between illumination and dark condition – of 
the films is plotted in Fig. 25. Annealing improved the photocurrent response 
for the entire 350 < T < 500°C range, as seen from data in Fig. 25. An 
optimum was found for films annealed at 425°C, i.e., those with a 
pronounced mix of oxide and nitride character. The explanation for the 
optimum is a good trade-off between light absorption and recombination. 
However, even films annealed at 425°C show high rates of recombination. 
The quantum yield, APCE , only reaches 2 % (cf. the inset of Fig. 25), which 
means that at best only two electrons per a hundred absorbed photons 
contribute to the current in the outer circuit. APCE  data also show that it is 
mainly in the ultraviolet range (  400 nm) that the material is able to 
convert photons into measurable electrons.  
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Fig. 25. Photocurrent density, j, versus applied potential, U, for as prepared and 
annealed thin films of InN. The electrolyte was 0.1 M NaOH and the xenon lamp 
intensity was about 1000 W/m2. The inset shows the quantum efficiency, APCE, as a 
function of the wavelength, , for the film annealed at 425ºC. The quantum 
efficiency was recorded at an applied potential of 0.5 V vs. Ag/AgCl. 

c) Summary

Films of InN were prepared by reactive sputtering and post treated in N2 gas
in the temperature range, 350ºC < T < 500ºC. Temperatures above 400 ºC 
led to formation of In2O3 as seen by XRD. The oxygen source was primarily 
attributed to O2 contaminants in the annealing gas. The free-carrier density 
decreased by annealing but the resistivity of the films was still in the same 
range. Annealing improved the photoelectrochemical response of the films, 
and an optimum was observed for films annealed at 425 ºC. Those films had 
a crystal structure comprising a mixture of InN and In2O3. However, even for 
annealed InN the photoresponse was low as a consequence of a high rate of 
recombination. The quantum yield was no larger than 2 % and the 
photocurrent onset – located at a wavelength of around 600 nm (2.1 eV) – 
was far from the optical edge positioned at ~900 nm (1.4 eV).  
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Chapter 4 

Concluding Remarks and Future Outlooks 

It is both good and bad that no human being can predict the future. 
Experience tells us that scientific predictions usually overestimate the 
possibilities in the short run but underestimate the achievements that could 
be reached in the long run. However, for a hydrogen society to emerge, 
considerable long-range efforts are needed to bridge the gap between the 
present state of the art and the desirable scenario for the future. 
Photoelectrochemical cells for hydrogen evolution are no exception to that 
statement.  
  Some general goals for production, storage and utilization of hydrogen 
involve discovery of new materials and new synthesis techniques that 
leapfrog the technical barriers. Improved catalysts are also needed in all 
phases of the hydrogen society to overcome kinetic constraints. Especially 
desirable are catalysts that rely less on noble metals. Due to a lack of 
resources and high cost, these catalysts may be a limiting factor in the 
development of a large-scale hydrogen based energy system.  
  To reach these general goals, it is important to control structures of matter, 
from semiconductor crystals to supramolecular assemblies, preferably on the 
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atomic scale. Furthermore, theory and modeling need to be improved to 
understand and predict the behavior and relevant physical phenomena of 
complex arrangements such as photosystems.  

The ultimate system for watersplitting is the design of a photosystem, in 
which the spatial arrangement of components allows efficient light 
harvesting, charge carrier separation, and catalyzed generation and 
separation of hydrogen and oxygen. Finding stable, inexpensive materials 
that can achieve this is, without a doubt, a challenge.  
  Looking back over the history of earth, it is obvious that water has been and 
remains a very important requirement for life. If water had split easily under 
visible radiation the conditions for life would likely have been non-existent. 
With this in mind, it is easier to understand why there is no example of a 
solid state watersplitting material in nature. However, with present scientific 
knowledge there is the possibility that such a material can be achieved; it has 
already been practically shown by Zou et al.[69] Even if their efficiency was 
low, there is reason to believe that other materials and technical 
improvements can lead to enhanced performances. Even if a small bias is 
needed, the overall efficiency can still be fairly high.  
  Nevertheless, photoelectrochemical cells for hydrogen evolution will 
always have a tough competitor in PV modules attached to separated 
electrolyzers. Currently, this technique is widely available and has 
advantages compared to any PEC system. Since the PV-part is separate from 
the electrolyser, there are no problems with chemical degradation of the 
sensitive semiconductors due to the aqueous environment. Moreover, with a 
separate electrolyser the matching of the band edges of the electrolyser with 
the chemical potential for gas evolution is not of importance. Still PEC cells 
cannot be ruled out. Combining the electrolyzer and the energy converter in 
a single unit should make inexpensive systems possible, which would make 
them compatible in the future.  

Final Words 

The Basic Energy Sciences (BES) Workshop on Hydrogen Production, 
Storage, and Use,[22] organized by the US Department of Energy, DOE, 2003 
concluded, “The challenges to reach a hydrogen economy, however, are 

enormous, considering today’s state of knowledge and technical 

capabilities.” Photoelectrochemical cells for hydrogen evolution are no 
exception to that statement. The challenges make this field interesting for 
research but they also indicate that it will take time for a PEC cell that 
generates hydrogen to be readily available and competitive with existing 
technologies concerning cost, performance, and reliability.  
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  In order to direct contemporary society towards a world less dependent on 
fossil fuels, forceful world wide political directives are needed. Ideally 
market forces by themselves will make renewable energy emerge but that is 
not likely to happen without political guidance. One threshold of many to 
overcome is the cost trap linked to small-scale productions. Another one is 
related to the true cost of fossil fuels. Until the consumer pays the true price 
of fossil fuels including costs of restoring the environment, it will be difficult 
for renewable alternatives to emerge. Unfortunately, in a time when 
economy and profits are evaluated in quarterly reports it is likely that the 
energy security and the environmental situation must reach a critical level 
before those drastic political changes will take place.  
  Instead of just waiting apathetically for political and scientific 
breakthroughs there already exists today inexpensive technologies that could 
be utilized to a much larger extent. One example is presented on the next 
page in Fig. 26. The proposed example does not solve all the problems 
related to fossil fuels but has the potential to solve many of them including 
numerous health issues in the high energy consuming countries.  

Should We Be Worried over the Energy Situation? 

The latest edition of World Energy Outlook (2002),[6] which sets out 
the International Energy Agency’s, IEA’s, energy projections to 2030, 
depicts a future in which energy use continues to grow, fossil fuels 
continue to dominate the energy mix and developing countries fast 
approach OECD countries as the largest consumers of commercial 
energy. It is stated that the earth’s energy resources are undoubtedly

adequate to meet the rising demand for at least the next three decades. 
But serious concerns are raised about the security of energy supplies, the 
threat of environmental damage caused by energy production and use 
and the unequal access of the world’s population to modern energy.  
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Fig. 26. The Bicycle
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Chapter 5 

Solenergidriven vätgasframställning 
- artificiell fotosyntes 

Bakgrund och syfte. 

Denna avhandling handlar om att tillvarata energin från solen och 
omvandla den till ett användbart bränsle. Den här idén är inte ny, utan har 
förekommit i växtriket i flera miljarder år via fotosyntesen där solenergi 
omvandlas till socker och andra viktiga substanser. Även om målet må vara 
detsamma skiljer sig emellertid metoden i den här avhandlingen från den 
invecklade fotosyntesen. Istället för komplexa och instabila molekyl-
föreningar har nämligen elektroder av tunna filmer av halvledarmaterial 
använts för att absorbera solenergi och därefter sönderdela vatten till dess 
beståndsdelar; syrgas och energibäraren vätgas. Via den här så kallade 
artificiella fotosyntesen är hoppet om att billig och förnyelsebar vätgas ska 
kunna framställas. I det framtida samhället är vätgas en mycket attraktiv 
ersättare till fossila bränslen som bensin och olja.  
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Metod.

Det är komplicerat och energikrävande att spjälka upp vatten, för vatten är 
en mycket stabil förening som inte enkelt låter sig splittras. Tur är nog det, 
för skulle det ha varit enkelt torde förutsättningarna för liv på jorden varit 
dramatiskt försämrade. Den energi som finns i det infallande solljuset är 
dock tillräcklig för att splittra vatten. Vatten är emellertid transparent för 
synligt ljus och saknar därför förmågan att själv absorbera det energirika 
synliga ljuset. Därför måste någon form av absorbator användas som fångar 
upp energin och därefter spjälkar upp vattnet. I denna avhandling har 
halvledare, som sänkts ned i vatten och belysts, studerats som absorbatorer 
och vattensönderdelare. I Fig. 27 visas schematiskt hur ett system för direkt 
vattensönderdelning med halvledare kan se ut. 

Figur 27. Principskiss för vattensönderdelningssystemet som studerats i denna 
avhandling. En elektrod av halvledarmaterial (anoden) belyses och där sker 
syrgasutveckling. Elektroner vandrar från anoden i den yttre ledningen till katoden 
där vätgasutveckling äger rum.   

O2 H2

H2O H2O

anod katod 

e-

H2O

Att härma naturen 

Att som i artificiell fotosyntes ha naturen som modell är inte unikt. Det 
finns ett flertal andra exempel från samhället där människan har låtit sig 
inspireras av naturen. Men, istället för att försöka efterlikna naturens 
ofta komplicerade lösningar har de istället framgångsrikt konstruerat 
förenklade system med snarlika funktioner. Ett exempel är fåglars 
flygförmåga, som inspirerade till dagens flygplan. Ett annat är ögat, som 
med mänsklig innovationsförmåga fick sin tekniska avbild i kamerans 
optiska system. 
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I detta arbete har framförallt halvledare av metalloxider studerats, eftersom 
de är stabila i vattenlösningar och är förhållandevis billiga samt enkla att 
framställa. Porösa elektroder av ett flertal metalloxider, volframtrioxid 
(artikel I), järnoxid (artikel II) och titandioxid (artikel III-V) har tillverkats 
och fotoelektrokemiskt karakteriserats i vattenlösningar för vätgas-
utveckling. Dessutom har nitrider och då framförallt indiumnitrid tillverkats 
och studerats (artikel VI).

Resultat.

Under arbetets gång har ett flertal halvledrare studerats, vilket gett en bred 
bakgrund och en bra förståelse för svårigheter och begränsningar med denna 
metod för att sönderdela vatten. De flesta elektrodmaterial som studerades 
visade sig vara lovande elektrodmaterial för vattensönderdelning, även om 
alla material hade gemensamt att ytterliggare förbättringar behöver 
åstadkommas.  

•Studier i den här avhandlingen kombinerade med resultat från andra 
forskargrupper pekar på att järnoxid, d.v.s. vanlig rost, kan vara en särskilt 
intressant material för vätgasutvinning ur vatten. Det röda materialet 
absorberas ljus väl, samtidigt som det är kemiskt stabilt och enkelt att 
tillverka.

En kort introduktion av halvledare 

Halvledare är de material som förutom ödet att inte få tillhöra de två 
stora grupperna av fasta material, ledare (t.ex. metaller) och isolatorer 
(t.ex. trä), dessutom utgör ett dåligt exempel på fysikers språkhantering. 
Denna minoritet av material leder inte ström, förutom under vissa 
förutsättningar såsom under belysning, temperaturhöjningar och pålagda 
potentialer. Därför kan de inte klassas som traditionella ledare eller som 
klassiska isolatorer. Istället för att ge gruppen ett eget unikt namn valde 
man att kalla dem för halv-ledare, vilket kan ses som fantasilöst.  
Exempel på halvledare är en del metalloxider och kisel. Idag återfinns 
halvledare i all modern elektronik och utvecklingen går stadigt framåt till 
mindre komponenter och material som förutom att uppvisa halvledar-
egenskaper även har magnetiska beskaffenheter.  
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.

Hur fungerar solcellstekniken i den här avhandlingen? 

Tänk er en person som kliver in i en hiss och trycker på knappen för högsta 
våningen, se Fig. 28. Så långt är det enkelt, hissen innehållande personen 
förflyttas snabbt upp till högsta våningen. Problematiken uppstår istället när 
man ska övertyga personen om att inte ta hissen tillbaka ned till markplanet 
utan istället trapporna. Om ni nu ersätter huset med en absorbator, personen 
med en elektron, hissen med solenergi och trappan med en yttre ledning kan 
ni nu på ett bra sätt förklara de grundläggande principerna i en solcell. 

•Solenergi (UV och synligt ljus) absorberas av huset (absorbatorn).  
•Hissen som drivs av solenergin lyfter personer (elektroner) till övre 
våningen.  

•Via trappan (yttre ledning) tar sig personerna tillbaka till grundnivån.  

I den yttre ledningen kommer därför ett flöde av elektroner att uppstå vilket 
vardagligt kallas för en ström. Spänningen som solcellen levererar avgörs 
bland annat av hur högt upp den översta våningen ligger, men även av hur 
många personer (elektroner) som tar trappen ned. Med hissen och höghuset 
får man också en känsla för vad som kan orsaka förluster i ett solcellssystem, 
t.ex. att en del personer föredrar att ta hissen tillbaka eller att hoppa framför 
att ta trapporna ned (kallas på fackspråk för rekombination) vilket leder 
framförallt till strömförluster. En anledning till att personer hoppar är att det 
kan vara svårt att ta sig fram till trappan. 
  Specifikt för solcellssystemet studerat i den här avhandlingen är att den 
absorberade solenergin har utnyttjats för att splittra vatten till dess bestånds-
delar syrgas och energibäraren vätgas. Som absorbator och aktiv yta för 
vattensöndedelning har halvledare används. 

.
...

.
.
.

..
.
.

.

Figur 28. Förenklad modell av en solcell.  
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•Även nitrider visade sig var intressanta. Där kan man dock konstatera att 
mycket återstår att göra, eftersom föga är känt om nitrider jämfört med 
oxider.

•Som en del av arbetet tillverkades även kvävedopad titandioxid. Materialet i 
sig är intressant, då få andra forskargrupper har lyckats att dopa titandioxid 
med kväve. Dopningen gör att materialet byter färg från vitt till gult. 
Detaljerade fotoelektrokemiska studier av materialet visade på unika 
egenskaper. Trots att materialet hade vissa begränsningar som 
vattenspjälkande elektrod, rönte det uppmärksamhet och studeras för 
tillfället som ett potentiellt bakterie- och föroreningsnedbrytande material. 

Förutom de ovannämnda mer konkreta resultaten av arbetet har dessutom 
framkommit att direkt vattensönderdelning med halvledare är svårt att 
åstadkomma. Troligen är det praktiskt enklare att driva en vanlig 
elektrolysör med en extern spänningskälla från t.ex. en solcellspanel. Jämfört 
med ett direktverkande halvledarsystem som studerats i denna avhandling 
minimeras korrosionsrisken samtidigt som effektiva elektrolysörer samt 
moderna solceller kan användas.  
Det är ingen vågad förutsägelse att förnyelsebar vätgas i den närmsta 
framtiden kommer att tillverkas med elektrolysörer som drivs av sol-, vind-
eller vattenel. Det finns dock inget som motsäger att fortsatta studier av det 
direkta halvledarbaserade systemet inte ska kunna leda fram till en 
realiserbar produkt. Tidsaspekten på ett sådant system är dock troligen lång, 
innan det på allvar kan konkurrera med idag existerande teknik med 
avseende på kostnad, effektivitet och stabilitet.  
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