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Summary
This thesis reports on experimental work in the field of photoelectrochemistry and
focusing on the photoelectrochemical water splitting process. This process is
important as a part in the solar energy harvesting process, mimicking the natural
photosynthesis process, to produce hydrogen which can be used as a carrier of clean
energy in the fuel cells.
In chapters 1 and 2 the literature background for water splitting and semiconductor
electrochemistry are summarised. Chapter 3 describes all key techniques for
electrochemistry, surface analysis and spectrometry, and conditions employed for
experimental methods.
The first main results chapter is chapter 4 with information about the formation and
investigation of photoelectrochemically active WO3 films. Thin, nanostructured,
WO3 films are grown onto conducting FTO substrates and shown to act as photo
catalyst for water splitting under positive potential bias. The time dependence of
photocurrents is studied by impedance, light pulse, and light modulation techniques,
and the time constants for photodoping and electron transport are dissected. Clear
evidence for trapping of diffusing electrons is obtained from intensity modulated
photocurrent spectroscopy.
Chapters 5 to 8 focus on iron oxide films and their preparation. In chapter 5 the layer
bylayer assembly method is employed to form films from hematite nanoparticles and
phytate binder molecules. Photoelectrochemical responses are observed as a function
of film thickness and applied potential. A model based on differing electron and hole
mobility in conjunction with recombination is applied to explain the phototransient
responses.
In chapter 6 hematite films are formed in a chemical vapour deposition (CVD)
growth process from a ferrocene precursor. Films are formed in variable thickness on
FTO (fluorinedoped tin oxide) and ITO (tindoped indium oxide) substrates. Photo
electrochemical experiments are conducted and the effect of thickness and
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illumination direction discussed in the context of a water splitting process in a
mesoporous Fe2O3 film. In contrast to the thin mesoporous films investigated in
chapter 5, here thicker and denser films are studied. The photocatalytic efficiency is
improved by a factor of 4 due to higher density and potential gradient effects.
In chapter 7 the spraypyrolysis formation of photoelectrochemically active films is
introduced in order to introduce dopants and to affect morphology and structure of
deposits. Here, addition of tetramethoxysilane (TMS) in varying amounts to iron
oxide precursor systems for spray pyrolysis is investigated and the dramatic effect on
the photoelectrochemical water splitting current in aqueous 1 M NaOH is discussed.
In chapter 8 a solid solution iron oxide similar to the perovskite family of materials
SrTi1xFexO3y (STF) is studied. In this chapter a spray pyrolysis approach to prepare
STF films on ITO substrates is employed. In preliminary data, the nanostructured
films show good photoactivity with IPCEs of up to 11%.
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Chapter 1

Introduction to Solar Energy Technologies and Water Splitting Processes

Chapter 1

Introduction to Solar Energy Technologies
and Water Splitting Processes

Abstract. In this chapter the literature concerning solar water splitting technologies
and research is introduced. The importance of hydrogen generation driven by solar
energy is explained and possible technical solutions discussed. The application of
transition metal oxide thin film electrodes in this technology is introduced and areas
of interest in this study are highlighted.
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1.1. The Importance of Searching for Sustainable Energy Sources
Fossil fuels, which are coal, oil, and natural gas, are currently considered the main
source of energy because they are the cheapest, most conveniently accessible, and
most reliable form of energy for both electricity production and transport fuels such
as petrol and its products(1). When fossil fuels are burned, one of the most significant
emitted gases is CO2, a “greenhouse” gas that traps heat in the Earth’s atmosphere
and which contributes to global warming(2). It is estimated that, the global surface
temperature has increased about 0.5o C since 1970. Moreover, nitrogen oxides,
carbon monoxide, and incompletely burned hydrocarbons are produced causing
atmospheric pollution(2).
It was estimated(3) that by the year 2050 between 1030 TW (Terawatt) (1 TW = 1 ×
1012 W) per year of carbonfree energy will be required globally, as it is expected that
the world’s population grows to approximately 1011 billion people. To put this into
context, the current global population is 6 billion and the current annual energy
consumption is 13 TW per year( 4 ). Because of that and because fossil fuels are
polluting and a finite resource, a renewable and clean energy source is desirable. The
main sources of carbonfree renewable energy today are solar energy, wind energy,
biomass and timber, wave and tidal energy, hydroenergy, and geothermal energy (5).

Solar power, as an example of sustainable energy, could potentially provide a huge
part of the required tens of terawatts of energy. It is estimated that, the energy sent
from the sun to the earth is 3x1024J per year, which is about 10000 times the current
yearly worldwide energy consumption

(6)

. In other word; the energy sent to the earth

by the sun in one hour is more than that energy consumed by the whole globe in a
year (7). Some of these large amounts of energy should be captured and directed to be
used in place of fossil fuels. It is estimated that if a small fraction of the earth’s
surface was covered by solar cells with a realistic 10 % efficiency, that will provide
the whole world with the needed energy

(8)

. The problem of realizing this vision is

currently the high cost of the solar cells in comparison with the cheaper fossil fuels. It
was reported in 2003 that(5) the current cost of solar cells are $ 0.30.5 / kWh and this
is required to be minimized to about $ 0.2 / kWh to provide a cheap renewable energy
for the future (6).
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Solar energy could potentially be used to provide both (i) direct electrical power
output and (ii) stored energy for example in the form of hydrogen. There are many
governments and industrial companies interested in investing considerable amounts
of money into the development of new renewable energy sources including solar
technologies. Water splitting and hydrogen production is one of the most promising
targets for renewable energy research. Hydrogen offers one of the best ways to
harvest the solar energy into a chemically active form, which can be readily used as a
carrier of energy. In this study, one part of the photoelectrochemical hydrogen
production (the photoanode) is investigated.

1.2. Historical Development of Solar Technologies
Although ancient Egyptians considered the sun as a main source of life until they
considered it as a God thousands of years ago(9), the real practical considering of
using the solar energy to produce power first captured the imagination of the
scientific community in 1839, when the French scientist Edmund Becquerel found
that a photovoltage could be produced from the action of light on an electrode(10).
Few successful attempts then were reported to produce electrical power from solar
energy until 1947, when the highest efficiency achieved was at just 1% by Telkes(11)
employing thermoelectric junctions. Then in 1954 the real development of
photovoltaic solar cells began when Chapin et al. (12) found that 6% solar conversion
efficiency was obtained by using a semiconductor pn junction in a singlecrystal of
silicon. The disadvantage of silicon is the relatively poor light absorption (indirect
band gap), which means that unsophisticated cells must be at least 250 µm thick to
absorb all the active wavelengths in sunlight with reasonable efficiency.

In 1972 an ntype semiconductor TiO2 electrode connected to a platinum black
electrode through an external load was proposed. Fujishima and Honda(14) were the
first to raise the concept of using a photoelectrochemical device for solar energy
conversion and storage

(13)

. Although, in their experiment it was a pH difference on

both sides of the membrane, which contributed to the potential difference leading to
water splitting, they proposed that water can be split without applying any potential
bias by using only solar energy.
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In 1980 the first thinfilm solar cells were developed based on the cuprous sulphide/
cadmium sulphide (pCu2S/nCdS) heterojunction. Other thin film solar cells based
on amorphous silicon (aSi:H) dominate the market place, but cadmium telluride
(CdTe) and chalcogenides suchas copper indium diselenide (CIS) are offering real
competition in the photovoltaics (PV) market(9). Materials based on IIIV
semiconductors, such as gallium arsenide, offer relatively high efficiencies but are
costly to produce and are yet to prove more cost effective than silicon based PV
devices. It was suggested by Bauer(14) that chalcogenide film thickness of around a
micron can replace a traditional silicon solar cell which has a typical thickness of 300
µm., and that decreases the whole cost of energy production.

Nowadays, the inorganic solidstate junction devices are in competition with new
technologies such as nanocrystalline conducting polymers and with organic photo
electrochemical devices. The main difference(9) between photoelectrochemical
devices and classical solid state junction devices is in the contact media with the
semiconductor. This is replaced in organic photoelectrochemical cells by either
electrolyte, gel, or organic solvent. A chemisorbed ruthenium dye has been used with
nTiO2 in the dye sensitised solar cell (DSSC) or “Grätzel cell”. This showed very
promising photoelectrochemical characteristics for devices for the direct production
of electricity from light (15).

Since 1980 many papers have been published concerning of investigation of
semiconductors for photoelectrolysis of water. The development of nanocrystalline
semiconductor systems and huge financial investment has increased the search for
suitable cells for photoelectrochemical water splitting. In 1983(11) it was proposed
that a tandem cell could be used, which consists of a series of solar cells (explained in
more detail below). The ‘brute force’ approach is to set up four silicon PV cells in
series and pass the electricity which is produced directly into a commercial water
electrolyser. However, the water splitting efficiency was only just 7 %. By using III/V
semiconductors much higher efficiencies of 1220 % for water splitting have been
produced, but these are expensive materials and not easily manufactured into devices
for commercial purposes. In 1999 Grätzel(16) has reported a much cheaper improved
tandem cell which can split water directly into oxygen and hydrogen.
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Now in the year 2011 there are hundreds of papers published annually concerning
photoelectrochemical water splitting. Yet the tandem device efficiency for water
splitting is still not high enough to be applicable in an industrial scale to produce
cheap hydrogen fuel.

1.3. Hydrogen Fuel as Energy Carrier
In 1788 Lavoisier

(7)

has introduced the term “hydrogen” (H2) based on the Greek

words “hydro” for “water” and “gene” for “born of”’. Hydrogen is one of two
components, with oxygen, in water as it was experimentally proven by the British
scientist Henry Cavendish (17311810). He was the first to produce water from the
elements hydrogen and oxygen. Hydrogen is considered as the lightest gas in the
universe(7) with the lowest density 0.08988 g dm3 at STP (standard conditions for
temperature and pressure). Liquid hydrogen has the lowest liquid density with about
0.07 g cm3, while gasoline density, for example, is 0.75 g cm3. Hydrogen is
considered as the most abundant element in the universe with about 90% by weight.
In fact hydrogen is not an energy source, but it is an energy carrier(7 p: 10). Grimes
mentioned in his book(7, p: 13) that hydrogen is considered as an ideal energy carrier,
and it can replace fossil fuels in the future for several reasons (7):

1

Hydrogen can be a renewable energy because it can be produced from water
and sunlight.

2

Hydrogen can store about 120 MJ energy per kilogram of hydrogen and it can
release 142 MJ per kilogram on combustion. Gasoline, for comparison, stores
just about 45 MJ per kilogram of fuel. In a comparison to methane, hydrogen
releases about 2.45 times more energy than methane does.

3

It is possible that hydrogen can be produced from electricity through many
ways such as electrolysis of water in high efficiency.

4

Hydrogen can be converted into electricity in the fuel cells as a result of
reaction with oxygen or with clean air.

5

Hydrogen can be stored easily in gaseous, liquid, or metal hydride form.

6

It can be transported over large distances through pipelines or via tankers.
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Hydrogen is flexible in conversion into other forms of energy in more ways
and more efficiently than any other fuel.

8

Hydrogen is a very clean carrier of energy as its production, storage,
transportation and use do not produce significant amounts of pollutants, toxic
gases, or products harmful on the environment.

1.4. Photoelectrochemical Water Splitting Processes
Water can be split into its main components, hydrogen and oxygen, by using solar
energy through a photoelectrochemical process. Photoelectrolysis of water at
semiconductor electrodes has important practical applications and is now extensively
studied(17). In a photoelectrochemical system, both excited electrons in the conduction
band (CB; eCB) and holes in the valence band (VB; h+VB) are participating in the
water splitting process at anode and cathode:
Anodic Oxidation:
2H2O + 4h+VB→ 4H+ + O2

(1.4)

Cathodic Reduction:
4H+ + 4 eCB → 2H2

(1.5)

Overall photoelectrochemical reaction:
4hν + 2H2O → O2 + H2

(1.6)

Water photolysis and production of hydrogen and oxygen is a subject of continued
interest, and challenges are in particular in the development of novel catalysts (18). In
fact, although the potential needed for water splitting is 1.23 V, energy losses due to
overpotentials are part of this process. The reaction of hydrogen evolution on the
counter electrode is very fast for example on platinum catalysts and therefore needs
little overpotential (ηH2). However, the oxygen evolution reaction is kinetically slow
and therefore needs a high overpotential (ηO2) as shown in Figure 1.1. The additional
energy for overpotential losses can be obtained by using light with more than 1.23 eV
energy. For continuous water splitting to occur, the current due to hydrogen evolution
(IH2) must be equal to that due to water oxidation and production of oxygen (IH2 = IO2).
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Figure 1.1. Diagram explaining the current – voltage characteristics during water
splitting, the overpotential needed for water splitting, and the corresponding photon
energy (or semiconductor band gap).

Many studies suggested that metal oxides, such as WO3, Nb2O5, V2O5, Ta2O5, TiO2,
Ir(OH)3, and CeO2 have good light absorption and electrocatalytic properties and may
therefore be suitable as photoelectrodes for water splitting(18). Redoxdependent
changes of colour due to the electrochromic properties can also modify the light
absorption range from UV to VIS and contribute to the water splitting activity. Good
electrical properties and stability in water represent the main requirements that must
be fulfilled in this application.
It was found that(18) the splitting of water requires a high potential to produce oxygen
on most of the metal electrodes surfaces. Without illumination, it was found that
oxygen evolution occurs at WO3 electrode at potentials more than 2.0 V vs normal
hydrogen electrode (NHE) at pH 0. This means that WO3 has an overpotential of ~0.8
V(19). In AM 1 sunlight, oxygen evolution at the same electrode starts at 0.6 V vs
NHE suggesting a shift of 1.4 V(19). A similar result was reported by Augustynski (19).
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Mixed oxides provide a wide range of potential catalysts. By using ZnGa2O4 and
ZnGa2O4–ZnO precusors, a solidsolution of GaN and ZnO (Ga1_xZnx) (N1_xOx) was
prepared as a visiblelightdriven photocatalyst for water splitting. It was found that
the photocatalytic activity of the catalyst is dependent on both the Zn/Ga ratio of the
starting materials and the nitridation time. Both factors affect the crystallinity and
atomic composition of the final (Ga1xZnx) (N1xOx) material. It was also revealed that
the addition of ZnO promotes crystallization of the catalyst and it controls the zinc
concentration, thereby improving activity. By adjusting these two preparation
parameters, it was possible to obtain a material with optimal crystallinity and atomic
composition for overall water splitting under visible light conditions (λ > 400 nm) (20).
Certain oxynitrides( 21 ), such as TaON, LaTiO2N and the (Ga1xZnx)(N1xOx) solid
solutions, are promising as stable photocatalysts for water splitting under visiblelight
irradiation. These oxynitrides showed high photocatalytic activity for water oxidation
in the presence of an appropriate electron acceptor. Y. Gao et al.(22) characterised
green SiC powders by XRD and UV/Vis diffuse reflectance, and studied the
photocatalytic splitting of water. The results showed that green SiC powder can
absorb visible light and split water with the formation of hydrogen under visible light
irradiation. The activity is affected significantly by the initial pH of solutions and the
types of added reagents. The addition of OH or S2 led to a remarkable increase in the
activity.

The Tandem Cell is mainly consisting of two photosystems connected in series as
shown in Figure 1.2. The front (or the top) photosystem is a solar cell consists of a
counter electrode (Pt) and a working electrode which could be based for example on a
thin film nanocrystalline WO3(23) or Fe2O3(24) which absorbs the ultraviolet and blue
parts of the highenergy light spectrum. This photosystem produces positive potential
which is more than enough for water oxidation but is not energetic enough for
immediate hydrogen production. The longer wavelength of the lowenergy light in the
green and red region passes through the front cell and is absorbed by a Grätzel cell,
which is a dye sensitised titanium dioxide solar cell in iodide/triiodide electrolyte
producing electrical potential under all light conditions. The two electrodes are
connected and together they produce the potential required to split water. The
advantage of this type of tandem cell is that it is made from widely available and
9
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cheap materials(25). The tandem cell concept was further developed by Grätzel (EPFL)
and Augustynski (UoG)(17). Further development of the tandem cell has been reported
by the company Hydrogen Solar for the core components and coating technologies(26).

Figure 1.2. A diagrammatic representation of a tandem cell device with hydrogen and
oxygen evolution driven in a two stages light absorption process.

When the ultraviolet and blue parts of the light have been absorbed by the electrode
in the front photosystem (see Figure 1.2), an excitation of valance band electrons
occurs and a charge carrier pair, a hole (h+) and an electron, are produced. The holes
migrate into the electrode/electrolyte interface, which is full of reduced species (OH)
and oxidation of water occurs into oxygen as it is shown in equation 1.4. The
electrons produced in the conduction band (CB) of the front electrode are not
energetic enough for hydrogen production and they transfer into the second
photosystem which promotes electrons into the dye which then be injected into the
CB of the TiO2 as it shown in Figure 1.3.
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Figure 1.3 Schematic of operation of the dyesensitised electrochemical photovoltaic cell.

The total produced electrons are collected on the platinum electrode in the front
photosystem and the total potential is able to reduce hydrogen on the cathode (Pt):

4H+ + 4e → 2H2 ………………………………………….…………………(1.7)
The overall photoelectrochemical water splitting process which is taken place in
tandem cell can be compared to the biological ‘Zscheme’ for photosynthesis (see
Figure 1.4a and b).
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Figure 1.4a. The Zscheme of photocatalytic water decomposition by a tandem cell.

Figure 1.4b. Biological ‘Zscheme’ shows lightdependent reactions of photosynthesis at
the thylakoid membrane

One of the most important advantages of the tandem cell is that efficiency can be
increased by absorption over the whole light spectrum and by connecting the two
“photosystem” in parrallel as shown in Figure 1.5. In 2001 it was reported that the
overall tandem cell efficiency was only 4.5 % leading to a concerted investigation of
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the photosystems efficiencies and stability in order to make this device a cost
effective way of producing chemical energy on an industrial scale.

Figure 1.5. A diagrammatic representation of a tandem cell device with hydrogen and
oxygen evolution driven in a one stage light absorption process.

1.5. The Contribution Made by this Study
In this study transition metal oxide films are investigated as anodic photo
electrochemical systems for oxygen evolution. First mesoporous WO3 films are
investigated and then different types of nanostructured Fe2O3 films are studied. The
main aims of the work are to (i) develop experimental methods for the quantitative
understanding of processes during photoelectrochemical oxygen evolution and (ii) a
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better understanding of the effects introduced by the type of transition metal oxide, its
morphology, and the film architecture.
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Abstract. In this chapter the fundamental description of semiconductor properties
and of the processes at semiconductor | aqueous electrolyte junctions are reviewed.
The effects introduced by photoexcitation and the obstacles for efficient energy
harvesting via charge transfer at the interface are investigated.
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2.1. Introduction to Semiconductor Properties
Accumulation of isolated atoms into interacting structures causes formation of filled
and vacant orbitals. In a solid these orbitals are very close in energy so that they form
a continuous band of energy levels. The filled “bonding orbitals” form the valence
band and the vacant “antibonding orbitals” form the conduction band. The energy
gap between these bands, here called band gap (Eg), gives the Boltzmann distribution
factor for the system. In wide bandgap structures, the valence band (VB, with
uppermost energy EVB) is almost filled, and the conduction band (CB, with lowest
energy ECB) is almost vacant. The size of the band gap strongly affects the optical
properties of solids. If the band gap is large, the valence band is full with electrons
and the conduction band is empty, and the material doesn’t conduct electricity and is
called electrical insulator. If the band gap is intermediate, conduction can be achieved
by small thermal promotion or photoexcitation of electrons from the valence band
into the conduction band. These materials called semiconductors. Very low band gaps
result in degenerate semiconductors. Finally, if the valence and conduction bands
overlap into a continuous band, the material is called electrical conductors(1). Figure
2.1 shows the energy bands in solids, and the energy gaps between the bands. In
semiconductors with intermediate energy band gap, the presence of a small
percentage of dopant atoms can strongly increase conductivity.

Figure 2.1. The energy bands and the band gap between valence and conduction band in
solids.

It was estimated that(2) the band gap values in semiconductors range typically between
0.3 and 3.8 eV. If the semiconductor has a band gap more than 1 eV at standard
pressure and temperature, it is only very minimally conducting electricity. However if
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the semiconductor has a band gap less than 1 eV, its conductivity in the pure state
will be appreciable at 300 K. For excitation of the semiconductor, the activation
energy must be greater or equal to the band gap energy(3). If an excitation of a valence
band electron occurs, then charge carrier conduction becomes possible. The excited
electrons leave holes behind them in the valance band, which can also move resulting
in an additional increases the conductivity. Figure 2.2 shows the ‘electronhole pair’
formation process and the photoelectrochemical reactions on the interface of a
semiconductor (n and ptypes) and the electrolyte, which will be explained in more
detail later in this chapter.

Figure 2.2. The photoelectrochemical process at the semiconductor/electrolyte junction
for an ntype surface with positive polarization and for a ptype surface with negative
polarization.

At 0 K semiconductor materials have a completely electronfilled valence band
separated by only a small energy gap (~1 eV or less) from an empty conduction band.
At this low temperature, there is no electrical conduction because the electrons are
unable to change their energy states in a small applied electric fields(4). By increasing
the temperature, the electrical conduction increases due to the excitation of some
electrons by the thermal activation energy. This characteristic, a positive thermal
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coefficient, is opposite to the effect of temperature in metals where heating causes
loss of electrical conductivity.

Most of the early fundamental and technological semiconductor development has
been carried out with silicon and germanium(4). Electronically related materials were
discovered for “IIIV semiconductors”. An intensive study of these semiconductors
has resulted in many new electronic devices which composed of a trivalent atom with
a pentavalent atom such as in GaAs, GaP, InSb, InAs, and InP.

2.2. Doping of Semiconductors
Doping processes of semiconductors refers to the introduction of defects and
impurities into an extremely pure (intrinsic) semiconductor in order to change its
optical and electrical properties(5). Impurities can be classified into two categories:
donors and acceptors. Donors are elements which donate “excess electrons” to the
conduction band. Acceptors are elements accepting electrons and thereby creating
hole in the valence band(5). The addition of small and controlled amounts of certain
impurities can affect strongly the electrical properties of semiconductors(4), and this is
vital in the development of devices based on semiconductors. The choice of the
impurities is dependent upon the type of semiconductor. Lightly and moderately
doped semiconductors are referred to as extrinsic. A semiconductor which is doped to
such high levels that it acts more like a conductor than a semiconductor is called
degenerate(5).

There are two main types of semiconductors depending on the doping element
(impurity). The first type is called ntype, which arises for example from doping of a
tetravalent semiconductor with a pentavalent element (donor). In this case the
semiconductor is dominated by donors and there will be sufficient electrons to take
up the four covalent bonds to all its neighbours, and the fifth electron will be left
free(4). In this type of semiconductors, which is dominated by electrons, the electrons
are termed ‘majority carriers’ and the holes are called ‘minority carriers’. ZnO and
TiO2 are examples of materials that are always found ntype due to oxygen vacancies.
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The second type of doped semiconductors is called ptype, which means for example
doping of a tetravalent semiconductor with a trivalent element (acceptor). In this case
the semiconductor is dominated by acceptors and there will be a shortage of one
electron to complete bonding to the tetravalent neighbours. This electron can be
borrowed with very little energy (~ 102 eV) from a neighbouring atom leaving a hole
in the valence band. This behaviour generates holes in the semiconductor (4). Cu2O
and NiO2 are examples of semiconductors that are always found to be ptype (6) due to
defects.

2.3. Direct and Indirect Semiconductors
Semiconductors are distinguished according to the energy difference between the
valence and the conduction band, which called the band gap Eg. More accurately, the
band gap is the minimum energy difference between the top of the valence band and
the bottom of the conduction band. However, the top of the valence band and the
bottom of the conduction band are not usually at the same value of the electron
momentum. Therefore, a transition of the electron from valence to conduction band
can be associated with a “forbidden” change in momentum. There are two different
classes of semiconductors:

Direct Semiconductors: here the top of the valence band and the bottom of the
conduction band occur at the same value of electron momentum, as it is shown in
Figure 2.3.
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Figure 2.3. Schematic diagram showing the band gap for a semiconductor as a function of
electron momentum. A “direct transition” is possible in this direct semiconductor due to the
match in momentum.

Indirect Semiconductors: here the maximum energy of the valence band occurs at a
different value of electron momentum to the minimum energy of the conduction band,
as it is shown in Figure 2.4. An optical transition of the electron from valence to
conduction band is therefore associated with a “forbidden” change in momentum.
These transitions are weak.

Figure 2.4. Schematic diagram showing the band gap for a semiconductor as a function of
electron momentum. An “indirect transition” is required in this indirect semiconductor due to
mismatch of momentum.

A pair of electronsholes can be produced by photons when they hit the
semiconductor with energy equal or more than the band gap. This process is quite
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easy (with high extinction coefficient) in direct semiconductors because the excited
electron doesn't need to change momentum to move from valence to conduction band.
However, in case of indirect semiconductor the electron must undergo a change in its
momentum for a photon of energy of the band gap to produce an electronhole pair.
This can happen but it requires that electron to not only interact with the light photon
to get the excitation energy, but also with the lattice vibrations called phonons to
either lose or gain momentum. This slows down the indirect processes (low extinction
coefficient). Gallium arsenide is an example for direct semiconductors, which are
used to manufacture optical devices such as LEDs and lasers. Silicon is a famous
example for indirect semiconductors, as are WO3 and Fe2O3.

2.4. Recombination Centres and Trapping Sites in Semiconductors
Semiconductors have defect sites in the crystal lattice such as dislocations, vacancies,
or impurities. Particle boundaries between crystallites can also be considered as
potential trapping sites. The trapping sites can capture charge carriers (holes/electrons)
from the valence and conduction band so that they recombine and therefore these
sites called recombination centres. This recombination affects detrimentally the
photocurrent until the trapping sites be filled then the photocurrent can increase.
Figure 2.5 shows a schematic drawing of the trapping sites in the WO3 lattice
affecting the rate of electron transport.

Figure 2.5. Schematic drawing of the effect of trapping processes on the electron diffusion in
a WO3 semiconductor film.
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2.5. The Semiconductor | Electrolyte Junction
The formation of a semiconductorelectrolyte junction controls most of the processes
accompanied with photoelectrochemical reactions in photoelectrochemical cells.
When a semiconductor is immersed in an electrolyte, electrical current flows across
the junction until equilibrium between the potential (the Fermi level) of the
semiconductor and that of the redox couple in the electrolyte is reached. In the
semiconductor, the Fermi level potential represents the chemical potential of
electrons. In the electrolyte the redox potential of the redox couples (as expressed in
the Nernst equation) represents the electrochemical potential of electrons or the Fermi
level of the electrolyte (7, 8). The equilibrium can be reached when the semiconductor
Fermi level (EF) equals the redox potential of the electrolyte (Eredox). In the intrinsic
(undoped) semiconductor, the Fermi level locates in about half distance between the
valence and the conduction band, while in extrinsic (doped) semiconductor, the Fermi
level locates either close to the valence or conduction band according to the dopants
type. If the extrinsic semiconductor is ntype, its Fermi level is usually above the
Fermi level of the electrolyte, so equilibrium occurs via transfer of electrons from the
semiconductor to the electrolyte. While if the semiconductor is ptype, its Fermi level
will be lower than that of the electrolyte, and the electrons transfer from the
electrolyte to the semiconductor. At the equilibrium, a positive charge area known as
the spacecharge or depletion layer, since the region is depleted of majority charge
carriers ‘‘the electrons’’, distributes on each side of the junction, which differs from
the bulk charge distribution in the semiconductor. Consequently, the valence and
conduction band edges are bent upwards and a potential barrier is established against
further electron transfer from the semiconductor into the electrolyte through the
junction. On the electrolyte side of the junction the electrical double layer, which may
be envisaged as the compact (Helmholtz) layer, is formed followed by a diffusion
(GouyChapman) layer as it is shown in Figure 2.6.
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Figure 2.6. Schematic drawing of the semiconductor (ntype)/electrolyte interface. In the
semiconductor (left) side Eg is the band gap between valence (EV) and conduction (EC) band
potential. The depletion layer is the space charge layer. In the electrolyte (right) side H+/H2 is
the redox couple in the electrolyte and the Helmholtz layer (compact layer) is followed by
GouyChapman (diffusion layer).

2.6. The Flat Band Potential
The flat band potential Efb is a very useful quantity in photoelectrochemistry as it
defines the transition between depletion and accumulation effects and thereby is
associated with the energy of the band edge of a given semiconductor material. The
semiconductor is subjected to an applied voltage, which increases the potential
applied across the semiconductorelectrolyte junction. Under depletion conditions
there are only few charge carriers at the interface whereas under accumulation
conditions the concentration of charge carriers rises and the interfacial capacitance
increases. This effect can be used experimentally to measure the flat band potential.
Using the MottSchottky equation (eq. 2.1) the flat band potential of the
semiconductor can be determined.

1
2

(CSC)

=

2 (ΔФSC RT / F)
εo ε N

……….……….………….………

. (2.1)
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In this expression, ΔФSC = EEfb is the voltage drop in the spacecharge layer, R is the
gas constant, F the Faraday constant, ε the dielectric constant of the semiconductor, εo
the permittivity of the vacuum and N is the ionised donor dopant concentration. A
plot of the square of the reciprocal capacity (CSC, measured) against the applied
voltage gives a straight line and this is extrapolated to 1/(CSC)2 = 0 to derive the flat

1/ (CSC)2

band potential Efb as it is shown in Figure 2.7.

Vfb
The applied potential E/V
Figure 2.7. Calculation of the flat band (Vfb) through the relationship between the applied
potentials and the square of the reciprocal capacity.

Flat band potentials have been determined for many materials(9) and based on this the
valence and conduction band positioins have been estimated. A selection of values is
shown in Figure 2.8. In aqueous solution the band potentials of most oxide
semiconductors shift by 0.059 V per pH unit. This is a consequence of protons in the
electrolyte solution acting as potential balancing ions at the interface.
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Figure 2.8. Band positions for some semiconductors in contact with an aqueous electrolyte at
pH = 1.

2.7. Photoelectrochemical Processes and Photocorrosion Reactions
Photoelectrochemical processes are based on production of interfacial electronhole
pairs by the action of light. The semiconductor plays the main role as a working
electrode in contact to the electrolyte. Generally the photogeneration of holes and
electrons in semiconductor materials are characterized by the strong oxidation and
reduction potentials for the photogenerated holes and electrons, respectively.
Sometimes it happens that these holes and electrons can oxidize or reduce the
semiconductor itself causing electrode decomposition or corrosion, which is one of
the most troublesome problems in photoelectrochemical reactions(10). It was found
that metal oxide semiconductors are relatively stable to photocorrosion in aqueous
solution but they have a considerable band gap. Attempts to minimise the band gap of
the metal oxide semiconductor to increase their photoactivity and limit
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photocorrosion have been reported. For example, to overcome the large band gap of
TiO2 (3.2 eV) a dye has been used to cover the TiO2 film surface. The dye absorbs the
light and consequently an electron excitation occurs from the dye HOMO (highest
occupied molecular orbital) to the dye LUMO (lowest unoccupied molecular orbital)
which inject the electrons into the conduction band of TiO2(11) as it shown in Figure
2.9. Crucially, in this process no high energy hole is generated.
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Figure 2.9. Schematic of operation of the dyesensitised electrochemical photovoltaic
cell.

2.8. Catalysis of Oxygen Evolution at Semiconductor Surfaces
The formation of electron – hole pairs at the semiconductor | electrolyte interface is
followed by the extraction of the electron and the reaction of the hole. Photocatalytic
reaction of water to oxygen during photoelelectrochemical water splitting at
semiconductor surfaces has received considerable attention as a new type of clean
energy supply with minimal environmental impact (12). However, the formation of O2
from H2O is a complex multistep process and associated with large overpotentials on
most electrode surfaces. Good catalyst surfaces are desirable for maximum energy
harvesting. Photocatalytic oxygen evolution has been studied for example on αFe2O3
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electrodes

(13)

. It was found that there are several important factors affecting the

oxygen evolution reaction rate such as electrolyte anion, Fe3+ ion concentration, pH
value, Fe3+ / Fe2+ equilibrium concentration and incident light wavelength (λ). It was
found that the oxygen evolution stopped at Fe3+ / Fe2+ concentration ratio of 3: 7 – 4:
6. It was also found that the evolution rate dramatically decreased at longer
wavelength incident light (> 400 nm). Increasing the pH value increases the oxygen
evolution. During illumination and oxygen evolution, αFe2O3 films also peeled off
the substrate and dissolved in the electrolyte (13).

In recent studies on catalysts the work by Nocera et al.(14) has attracted considerable
attention. Cobalt phosphate

(15)

, nickel borate

(16)

, and cobalt borate

(17)

are the latest

materials with high promise (18). Previously catalysts based on ruthenium oxide(19) and
molecular ruthenium complexes(20) have been investigated. Grätzel and coworkers(21)
developed highly promising oxygen evolving photoelectrodes based on Fe2O3(22)
coated with cobalt oxide or with iridium oxide

(23)

. The study of both photocatalytic

films and catalyst coatings on semiconductor films is in rapid development and new
improved systems are becoming now available

(24)

. The use of Fe2O3 has also been

proposed for the hydrogen evolution process (25).

2.9. Overall Mechanism of Photoelectrochemical Oxygen Evolution at
Semiconductor Surfaces
The oxygen evolution process is a complex multistep process with important
applications in energy harvesting technologies and in natural photosynthesis

(26)

.

Catalysis is at the heart of both hydrogen and oxygen evolution. A schematic diagram
for the case of platinum catalyst particles is shown in Figure 2.10.
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Figure 2.10. Schematic drawing of the energised formation of hydrogen and oxygen
from water with two platinum catalyst particles indicating possible reaction
intermediates (26).

The hydrogen evolution process proceeds via adsorbed intermediates and requires a
surface bond formation process (see Figure 2.11.). The energy barrier for bond
formation is strongly catalyst dependent and has to be considered as a contribution to
the “thermochemical overpotential”. Good catalysts have the ability to bind both
protons and hydrogen in a balanced fashion to minimise the overpotential.

Figure 2.11. Diagrammatic representation of the reaction coordinate for the hydrogen
evolution reaction and the corresponding Gibbs energy profiles for three applied
potentials E1, E2, and E3 (26).

30
PhD thesis

Ibrahim Hassan

May 2011

University of Bath

Chapter 2 Introduction to the Theory of Photoelectrochemical Processes at Semiconductor Electrodes

The formation of oxygen requires at least four reaction steps and surface bond species
may be associated with each of these (see Figure 2.12.). In the energy profile for this
reaction the presence of additional overpotential is likely to arise during the bond
formation step.

Figure 2.12. Diagrammatic representation of the reaction coordinate for the oxygen
evolution reaction and the corresponding Gibbs energy profiles for three applied
potentials E1, E2, and E3 (26).

In nature, oxygenic photosynthesis has evolved and the problem of oxygen evolution
was overcome in a highly developed redox cycle as introduced by Kok

(27)

. Figure

2.13 shows the photoactivated cycle where four photons provide energy and the four
Mn centers contribute to binding of water and release of oxygen in a rate of typically
one O2 per 2 ms.
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Figure 2.13. The Kok cycle(26) for the photosynthetic oxygen formation at a
manganese cubane reaction centre. Yz is redox active Tyrosine.

The complexity of the natural oxygen evolution suggests that synthetic catalysts may
still be far less developed and further improvements are likely especially when based
on biomimetic systems.

2.10. Introduction to Photoelectrochemical Cells
Broadly, there are three types of photoelectrochemical cells (28,29) distinguished based
on their mode of operation.

(A) Regenerative photoelectrochemical cells. Regenerative photoelectrochemical
cells convert the light into electrical energy without any net chemical change. The
incident photons of light generate electronhole pairs. The electrons move to the
conduction band and then to the external circuit. The holes are driven to the surface
where they are scavenged by the reduced molecule (R), which exists in the redox pair
in the electrolyte, and oxidise it (h+ + R→O). The electrons which reentered the cell
from the external circuit rereduce the oxidised form (e + O → R), for example n
type CdS in Na2Sx (polysulfide) electrolyte, as shown in Figure 2.14.
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Figure 2.14: Schematic of the photoelectrochemical reactions on the regenerative
photoelectrochemical cells.

(B) Photoelectrolysis cells. This type of cell is based on the photoelectrosynthetic
process in which optical energy is converted into chemical free energy. Similar
reactions to those in the regenerative cells occur except that there are two redox
systems. One system is reacting with the positive holes at the surface of the
semiconductor electrode and the second system is reacting with the negative charges
(electrons) which enter from the counter electrode. Water splitting by sunlight is an
example for this type of photoelectrolysis cells. Water is oxidised to oxygen at the
semiconductor photoanode and reduced to hydrogen at the cathode (see Figure 2.15).

Figure 2.15: Schematic of the photoelectrochemical reactions on the photoelectrolysis cells
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(C) Photocatalytic cells. This type of cell is a photosynthetic cell in which the net
electrolyte reaction exhibits a negative free energy (spontaneous) change and the
optical energy provides merely the activation energy for chemical reactions, see
Figure 2.16.

Figure 2.16: Schematic of the photoelectrochemical reactions on the photocatalytic
cells

The type of cell of interest in this study is the photoelectrolysis cell where light
energy is harvested in the form of a chemical energy carrier such as hydrogen. The
formation of oxygen is necessary with an applied potential as low as possible to avoid
energy losses. Photoelectrochemical processes will be studied as a function of
potential and at various types of semiconductor electrode surfaces. Insight into the
mechanism is obtained from photoelectrochemical measurements.
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Abstract. In this chapter the key experimental methods are introduced and data
analysis methods explained. An overview is given for (i) surface analytical techniques,
(ii) spectrometric tools, and (iii) for (photo) electrochemical methods.
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3.1. Surface Analytical Methods

3.1.1. Scanning Electron Microscopy (SEM) and Energy Dispersive Xray
Analysis (EDX)
For understanding the processes which occur at the surface of electrodes, it is
important to investigate the surface structure. Scanning electron microscopy (SEM)
analysis was performed to provide micro and nanoscale information on morphology
and composition at the electrode surface. The SEM measurements were conducted by
using a Jeol 6480 LV scanning electron microscope (Electron Optical Services).
Figure 3.1. shows a typical diagram to explain processes in the SEM.

Figure 3.1. Schematic drawing of the processes in scanning electron microscopy
(SEM) analysis of surface (1).

Electrons with high energy are accelerated towards the sample surface from the
filament source. The deflected and scattered electrons provide surface topography
information. In addition, Xray emission from the sample is caused by electron
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excitation (inner electrons) after electron impact. Energy dispersive Xray
spectroscopy (EDX)(1) is an analytical technique for surface elemental analysis. EDX
can be measured by exposing the material to high energy electrons (20 keV in the
present work). This process excites the atoms and consequently some of the core
electrons move from the ground state (unexcited state) to a higher energy level or
they are emitted leaving an electron hole. Then there are two possibilities: (i) either
an electron from an outer, higherenergy shell falls back into this hole causing
characteristic Xray emission lines (EDX) or (ii) a second electron is emitted when
the electron drops into the ground state to refill the position (Auger effect, only for
light elements). In EDX, the difference in energy between the higherenergy shell and
the lower energy shell may be released in the form of characteristic Xrays. The count
and energy of the Xrays emitted from a specimen can be measured by an energy
dispersive spectrometer. Because of the energy of the Xrays is characteristic for the
difference in energy between the two atomic shells, the type of element and the
approximate concentration can be determined.

3.1.2. Atomic Force Microscopy (AFM)
A further tool in the analysis of surface topography is atomic force microscopy
(AFM). The method is based on a sharp tip in weak mechanical contact to the sample
surface. A piezo motor adjusts the tip to surface distance and a piezo translation stage
allows surface to be rastered systematically. In a comparison with the scanning
electron microscope (SEM), the AFM provides superior topographic resolution and
contrast, in addition to direct measurements (without the need for vacuum) of surface
features. In the past, AFM was applied for example for the analysis of Fe2O3 samples
which were prepared by using layerbylayer surface structuring methods (2).

3.1.3. Profilometry
The thicknesses of most film deposits on electrodes were also measured by using a
DEKTAK 6M STYLUS PROFILER system to compare with SEM cross section data
of semiconductor films.
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3.2. Spectroscopy and Diffraction Methods
3.2.1. UV/Vis Spectroscopy
The UV/Vis absorption measurements of the electrodes were performed on a Varian
Cary 50 Probe spectrometer. The background scan was performed using a blank piece
of SnO2(F) conducting glass. Thus, the UV/Vis spectra obtained show the absorbance
of the semiconductor film deposits on electrodes only.
Transmittance( 3 ) can be defined as the fraction of incident light at a specified
wavelength that passes through a sample as it is shown in equation 3.1.

(3.1)

Here, I0 is the intensity of the incident light and I is the intensity of the light coming
out of the sample (see Figure 3.2). The transmittance of a sample is sometimes given
as a percentage.

Figure 3.2. Experimental setup for absorption and/or transmittance measurements of
semiconductor films on electrodes (here WO3 on FTO).
The BeerLambert law states(4) that there is a logarithmic dependence between the
transmittance of light through a substance and the concentration of the substance and
path length of the cell through which light travels. In our solid case the film thickness
replace the concentration of the substance.

41
PhD thesis

Ibrahim Hassan

May 2011

University of Bath

Chapter 3

Introduction to Experimental Methods

3.2

Here, α is the attenuation or absorption coefficient and x is the film thickness. The
expression can be rewritten as eq. 3.3.

ln

I
= −α x
I0

3.3

The BeerLambert law is also stated that the absorbance of a sample is proportional to
the thickness of the sample and the concentration of the absorbing species in the
sample. The absorbance is defined as the negative logarithm of transmittance (eq. 3.4).

3.4
=αx

3.2.2. Xray Diffraction (XRD) Techniques
The Xray region is located in the section of the electromagnetic spectrum in the
wavelength range between 0.1100 Å. Like all electromagnetic waves, Xrays can be
viewed as both of flow of photon particles and a wave of energy and they can be
characterised by their energy. The energy is given by the product of the inverse
wavelength (λ), the Planck constant (h), and the frequency (υ) (see eq. 3.5).

E = hυ
v=

3.5

c

3.6

λ

Here c is the speed of light, h is the Planck constant. From equation 3.5 and 3.6 the
photon energy can be calculated (eq. 3.7).

E=

hc

3.7

λ
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Thus, Xray wavelengths are short and they have comparably higher energy. Xrays
can be produced when high energy electrons emitted from a hot filament (cathode)
strike a metallic target (anode). Usually, the cathode can be maintained at a potential
of 30 to 50 kV relative to the anode.

Xrays interact with the material under investigation (more precisely with the
electrons around the atom in the material). In regular lattices (for example in crystals)
the waves of scattered Xrays reinforce one another in certain direction according to
Bragg’s law of diffraction (eq. 3.8).

nλ = 2d sin θ

3.8

Here, d is the spacing between lattice planes, n is an integer, and θ is the angle of X
ray incidence and reflection. Figure 3.3 illustrates the interaction of the
electromagnetic wave and the crystal planes. Bragg’s law is obtained from the
condition that the distances AB + BC equal to nλ.

Figure 3.3. Schematic drawing illustrating Xray diffraction and Bragg’s Law.

Xray diffraction techniques can be used to recognise the atomic structure of
materials and is based on the elastic scattering of Xrays from the electron clouds of
the individual atoms in the material

(5)

. As a monochromatic Xray beam is directed at

the sample, which is positioned at a defined plane at an angle θ, reflection of some X

rays occurs, which are detected by a detector as the pattern of reflections. The
intensity pattern depends only on the symmetry of the crystal structure and its unit
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cell parameters. Powder pattern data and single crystal diffraction pattern data can be
used to determine the exact location of atoms within the unit cell of the crystal lattice.

3.3. Electrochemical Methods
3.3.1. Cyclic Voltammetry
Dark cyclic voltammetry was performed with a threeelectrode system and controlled
with a PGSTAT20 potentiostat (Autolab, Eco Chemie, Netherlands). The experiment
is based on scanning the applied potential from an initial potential to a first vertex
potential and back. Cycles can be repeated when necessary and combined with the
application of pulsed or continuous light.

Cyclic voltammetric measurements in the presence of light were carried out in two
different experimental setups:

(A) For the study of WO3 thin films a PPR1 wavefunction generator was used to
control the applied potential with potentiostat (model 3581) and to control the LED
driver (HiTek instruments). An XY chart recorder (SE 790 XY/XYYTCOMPACT
RECORDER) was used to record the current output during cyclic voltammograms.
Figures 3.4 shows the experimental setup of dark cyclic voltammetry. Figure 3.5
shows the illuminated cyclic voltammetry experimental setup using a white LED light
source (Farnell 4325813 nm) set for illumination. An oscilloscope (Tektronix TDS
210, two channel digital realtime oscilloscope, 60MHz/1GS/s) was used in some
experiments to record the photocurrent traces upon changing the intensity of the
pulsed LED light. Figure 3.6 shows the way in which the LED and oscilloscope were
incorporated into the photocurrent response setup shown.

44
PhD thesis

Ibrahim Hassan

May 2011

University of Bath

Chapter 3

Introduction to Experimental Methods

Figure 3.4. Schematic drawing of the experimental setup for dark cyclic voltammetry
experiments.

Figure 3.5. Schematic drawing for the experimental setup for illuminated cyclic
voltammetry experiments.
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Figure 3.6. Schematic drawing of the experimental setup for photocurrent response
experiments.

(B) For cyclic voltammetry measurements of all other samples an Autolab (PGSTAT
12/30) was employed for potential control and for data recording. A blue LED
(Farnell, wavelength 455 nm) was used to illuminate samples. The illumination was
carried out by pulsing ‘On’ and ‘Off’ for different time intervals (typically 0.4 s ‘On’
and 0.2 s ‘Off’).

To calibrate the light intensity delivered by the LED light sources at the sample
position, a standard photodiode, with known incident photon to current efficiency
(IPCE) was used. The light intensities were calculated at different current supplied to
the LED (see Table 3.1.).
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Table 3.1. The calibration data for the LED light emission intensity (455 nm) as a
function of applied current.
.

The current supplied

LED intensity

to the LED / mA

/ mW cm2

100

7.15

150

8.00

200

9.23

300

10. 9

400

12.13

440

12.52

3.3.2. Electrochemical Impedance Spectroscopy (EIS)
Impedance spectroscopy is considered versatile powerful technique to study of the
electrical properties of many materials and their interfaces with electronically
conducting electrodes

(6)

. Impedance is a generalised form of resistance, which takes

into account the contributions from resistors, capacitors and inductors. As the ohmic
resistance is the DC circuit resistance, impedance can be considered as the AC circuit
resistance, which describes the amplitudes of the voltage and current and it describes
also the relative phases. Impedance can also be defined as the frequency domain ratio
of voltage and current

(6)

. Resistance is defined in Ohm’s law (eq. 3.9) and similarly

impedance is defined in eq. 3.10.

Ohm’s law states:

R=

E
I

3.9

Impedance Z:

Z=

ΔE
ΔI

3.10

Here, ΔE and ΔI are the peak amplitude of an alternating voltage and resultant
alternating current, respectively. However, impedance is a vector quantity: it contains
both a magnitude (ΔE/ ΔI) and a direction. In this case a phase separation between the
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potential and current can be defined. Figure 3.7 shows the relationship between
applied AC potential, current response, and their amplitudes as function of time to
explain the impedance concept. The diagram also shows the phase shift θ, which
arises due to a delay of the current response after application of potential.

0.015
Phase shift
(θ)

E or I

0.010

0.005

ΔE
ΔI

0.000

0.005

0.010

Potential
Current

5

15

10

20

25

Time/s
Figure 3.7. Plot of the applied AC potential, the current response, and their
amplitudes as functions of time to explain the Impedance concept.

In many cases, impedance depends on the applied frequency. That is for every
applied frequency there is a certain value of impedance amplitude |Z| and phase shift
θ. Drawing the relationship between the real and imaginary components of impedance
in the complex plane (or Nyquist plot) provides a diagnostic tool as it shown in
Figure 3.8.
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Figure 3.8. The impedance Z plotted as a planar vector using rectangular and polar
coordinates.

By connecting the different magnitude points of impedance, as a function of applied
frequency, diagnostic elements such as a semicircle for activation controlled
processes are observed as shown in Figure 3.9. These elements can be rationalised
with mathematical models describing the relationship between real part of impedance

Im (Z``)

(Im or Z``) and the imaginary part of impedance (Re or Z`).

ωmax
Frequency
increases

|
|Z5

θ3

|Z2|

|Z1|

θ1

Re (Z`)
Figure 3.9. The semicircle describes the dependence of the impedance magnitude on
the applied frequency for example for an RC parallel circuit in impedance or for a
rate limiting process in IMPS (see below).
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Impedance can be measured directly in the frequency domain by applying a single
frequency voltage oscillation to the electrodeelectrolyte interface and measuring the
phase shift (θ) and the amplitude (ΔI) of the resulting current. The magnitude and the
direction of a planar vector sum of the components a and b along the axes, that is, by
the complex number:

Z=a+jb

3.11

Here j = −1 is the imaginary number. Thus, in the Nyquist representation (see
Figure 3.8), the real part of Z, a, is in the direction of the real axis X, and the
imaginary part b is along the Y axis with Z(ω) = Z' + jZ". The components of the
impedance are given in eq. 3.12 to 3.14.

Re (Z) =|Z| cos (ө)

3.12

Im (Z) = Z" = |Z| sin (ө)

3.13

with the phase angle ө = tan1(Z"/ Z')
|Z| = [(Z')2 + (Z")2 ]1/2

3.14

This defines the Nyquist diagram (or Argand diagram) or complex plane, widely used
in both mathematics and electrical engineering. In polar form, Z may now be written
as in eq. 3.15.

Z(ω) = |Z| exp (jө)

3.15

This may be converted to rectangular form through the use of the Euler relation as in
eq. 3.16.

exp (jө) = cos (ө) + j sin (ө)

3.16

It is noticed(7) that the original time variation of the applied voltage and the resulting
current have disappeared, and the impedance is timeinvariant (provided the system
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itself is timeinvariant). In general, Z is frequencydependent, as defined above.
Conventional impedance spectroscopy consists of the (nowadays often automated)
measurement of Z as a function of v or ω ( = 2πν ) over a wide frequency range. In
addition to the conventional impedance methods with potential excitation, it is
possible to employ for example modulated light sources for external modulation.

To measure EIS, the Zplot software was used to operate a Solartron SI 1286
electrochemical interface and a Solartron SI 1260 impedance / gainphase analyser. In
light experiments, a blue LED (λ = 455 nm) was used to illuminate the working
electrode. Figure 3.10 shows the experimental setup used for EIS measurements.

Figure 3.10. Schematic drawing of the experimental setup for electrochemical
impedance measurements.

The SI 1286 applied to the cell a dc potential and an ac potential with 10mV
amplitude from SI 1260. The frequency was scanned over different frequency ranges
according to the investigated films. For example, in measurements of WO3 film
electrodes the frequency was scan from 63 kHz to 0.1 Hz. The dc potential bias was
defined to correspond to the opencircuit voltages of the dark or illuminated cell. The
SI 1260 detected and measured the impedance of the cell.
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3.3.3. PhotoTransients and Incident Photon to Current Efficiency (IPCE)
The IPCE experiments were carried out using the experimental setup shown in Figure
3.11. Output photocurrent from the cell, detected with the aid of chopped light and a
lockin amplifier, was plotted as a function of wavelength of incident light. The
applied wavelength was varied from 550 nm to 300 nm in steps of 10 nm. The scan
parameters used for all IPCE measurements are given in Table 3.2.

Table 3.2. The scan parameters used in IPCE measurements.
Delay time
1s

Measurement time

Time constant

3s

1000 ms

Chopping frequency
73 Hz

Figure 3.11. Schematic drawing of the experimental setup for incident photon to
current efficiency (IPCE) experiments.
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The specific apparatus for IPCE measurements was based on a Stanford Research
Systems SR830 lockin amplifier, an Amko SMD 101M stepping motor control, a
home made potentiostat, an Amko A1020 75 W xenon lamp powered by an
LPS75X/2 supply, and an Amko monochromator with 10 nm spectral resolution. The
PPR1 generator was used to maintain a specific potential in which a strong
photocurrent response is observed.

IPCE data were recorded for each sample with both EE (ElectrolyteElectrode or
front) and SE (SubstrateElectrode or back) illumination. The wavelength dependence
of the current from a silicon photodiode of known IPCE (λ) function was measured to
allow the calculation of IPCEcell via equation 3.17. Figure 3.12 shows a diagram of
the illumination via EE and SE sides of a WO3 film, as an example.

Figure 3.12. Schematic drawing of EE and SE illumination of the semiconductor
WO3 electrode as an example for investigated nanostructured films.

IPCE cell =

icell
IPCE pd
i pd

3.17

Here icell is the photocurrent of the electrode under investigation cell and ipd is that for
the standard photodiode. The IPCEpd is a standard known value used for calibration
and this therefore allows the IPCEcell to be calculated.
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3.3.4. Intensity Modulated Photocurrent Spectroscopy (IMPS)
Impedance methods provide powerful tools where measurements are taken in the
frequency domain. In conventional impedance experiments the applied potential is
employed as the input signal for the system. However, by using the modulated light
source and a fixed applied potential, many new experimental details may be revealed.
Therefore, the intensity modulated photocurrent spectroscopy or IMPS method is
introduced. In IMPS the frequency dependent photocurrent response of the cell based
on a modulated illumination is determined in terms of the response function Φ(ω )

(see eq. 3.18).

Δj

Φ(ω ) =

photo

(ω + ϕ )
3.18

q Δ I 0 (ω )

Here ω is the radial frequency, ΔI0 describes a sinusoidal smallamplitude light flux
perturbing the cell, q is the monoelectronic charge and Δj photo is the photocurrent
response of the cell. The photocurrent response of the cell is given by eq. 3.19 with n
the conduction band electron density at the location of the electrode.

j photo = qk ext n

3.19

x=0

This concentration of charge carriers n can be modelled theoretically when an
appropriate kinetic scheme is employed. A continuity equation can be written out for
the case of (i) absorption of light, (ii) diffusion of charge carriers, and (iii) chemical
or recombination decay of charge carriers. The resulting equation (see 3.20) allows
model data to be compared to experimental data and kinetic parameters to be
extracted.

∂n
∂ 2n n − n0
−α x
= αI 0e
+ Dn
−
τn
∂t
∂x 2

3.20

Here, n is the density of the excess electrons under illumination, n0 is the equilibrium
electron concentration in dark, α is the absorption coefficient, I0 is the incident photon
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flux, Dn is the diffusion coefficient of electrons, τn is the electron lifetime. Models
can be developed for both front and back illumination.

The photocurrent response of the cell is determined by both the transport and the back
reaction (recombination) of electrons, which make the photocurrent lag behind the
illumination. If most the injected electrons are collected, the phase lag in the IMPS
response is dominated by the delay time arising from electron transport from the
injected site to the substrate. The frequency of the minimum of the imaginary
component of the IMPS response, fmin is related to the value of diffusion coefficient
of electrons, Dn as can be seen from the following argument. The approximate
relationship between the delay time of electrons and their diffusion coefficient is
given by eq. 3.21.

τ

transit

=

x
D

2

3.21
n

Here, x is the average distance travelled by electrons from the excitation position to
the back contact and therefore x = d/2, where d is the film thickness (see Figure 3.13).

Figure 3.13. The average travelled distance by electrons from the excited position to
the back contact in WO3 electrode as an example.
Based on this the transit time is given by eq. 3.22 and also by eq. 3.23 which links the
transit time to the IMPS minima in the Nyquist plot.
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d 2
=
4Dn
1

ω min

=

3.22

1
2 π f min

3.23

Here ωmin is the angular frequency of the minimum imaginary component in the
IMPS response. A more precise value of Dn can be estimated by fitting the IMPS data
with the exact analytical solution of equation 3.20. However, if the electron lifetime is
so short that most of the injected electrons are lost in transit, the IMPS phase lag is
determined by the electron lifetime. The transport of photogenerated electrons
through nanocrystalline TiO2 electrodes has been studied by intensity modulated
photocurrent spectroscopy using UV light for electronhole pair generation. It was
found that transport of photogenerated electrons through particulate TiO2 electrodes
is limited by trapping/detrapping in the band gap states distributed in energy (8).

IMPS measurements were performed with Solarton 1250 frequency response analyser
(FRA) which was controlled by the Zplot software. Figure 3.14 shows the
experimental setup for IMPS measurements. A blue LED (λ = 455 nm) was used to
illuminate the cell. The modulation of the LED light intensity was driven by the
frequency response analyzer (FRA). The applied frequency ranged from 10 kHz to
0.1 Hz. The potentiostat (PSTAT) (model 3581) measured the photocurrent of the cell
at shortcircuit and fed it to channel 1 of the FRA. The FRA detected and measured
the AC components at the same frequency at that of the incident light. The cell signal
was divided by the photodiode signal to give IMPS.
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Figure 3.14. Schematic drawing of the experimental setup for IMPS measurements.

3.4. Experimental Setup of Measurement Cells
All the measurements have been performed in specially designed three electrode cells,
called photoelectrochemical cell (see Figure 3.15). The photoelectrochemical cell is
made from ‘PTEF glass filled’ material (designed at the University of Bath). The cell
consists of two main parts connected together by means of four screws; the body and
the lid as shown in Figures 3.16 and 3.17.
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Figure 3.15. Schematic drawing of a specially designed photoelectrochemical cell.

Figure 3.16. Technical drawing of the back side of the body and the lid of the
photoelectrochemical cell.

Figure 3.17. Technical drawing of the front side of the body and the lid of the
photoelectrochemical cell.
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The body of the cell (see Figure 3.18) consists of two separated compartments. The
bigger compartment is for the electrolyte in which both the reference electrode
(Ag/AgCl) and the counter electrode (Pt) were immersed. The body has a hole in the
middle which allows light to go through. Quartz windows were used in order to
contain the solution in the cell and be transparent to the light. The lid was designed to
hold the reference and counter electrode and also has small holes to let gases out
during the reactions. The working electrode was held in the smaller compartment of
the cell. A screw was used to fix the working electrode to be in touch with the
electrolyte through a specific area of 0.7 cm diameter circular open window between
the two compartments of the cell, with an active area of the working electrode of 0.38
cm2. The light was incident through a quartz window with the same diameter 0.7 cm.
There is a window in both of the cell sides for SE and EE illumination. A special
designed cell holder has been made from stainless steel (see Figure 3.19) to fix the
cell in a Faraday box.

Figure 3.18. Technical drawing of the top view of the body of the photo
electrochemical cell.
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Figure 3.19. Technical drawing of the the stainless steel holder for the photo
electrochemical cell.

Most experiments were conducted in aqueous 1 M NaOH solution electrolyte. Only
for the experiments with WO3 film electrodes 1 M H2SO4 has been used. Electrolyte
solutions were prepared using filtered and demineralised water. Phosphate buffer
solution pH 11 was used as an electrolyte in some Fe2O3 film electrode experiments.
Deaeration of the electrolyte was achieved by bubbling argon gas for 5 minutes prior
to each experiment.
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SprayPyrolysed Tungsten Oxide (WO3)
for Water Splitting Catalysts

Abstract. In this chapter photoelectrochemically active WO3 films are prepared
and investigated. Thin, nanostructured, WO3 films are grown onto conducting FTO
substrates and shown to act as photocatalyst for water splitting under positive
potential bias. The time dependence of photocurrents is studied by impedance,
light pulse, and light modulation techniques, and the time constants for photo
doping and electron transport are dissected. Clear evidence for trapping of diffusing
electrons is obtained from intensity modulated photocurrent spectroscopy.
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4.1. Introduction
4.1.1. Formation and Properties of Tungsten Trioxide Films
Water splitting based on solar radiation represents one of the most urgent
challenges for humanity to reduce the reliance on fossil fuels(1). The water splitting
process similar to photosynthesis is based on the conversion of solar energy into a
versatile fuel, here is hydrogen H2(2). Technologies for the widespread application
of solar water splitting must be based on sustainable materials(3) and in particular on
widely available and chemically robust transition metal oxides. One particularly
interesting material for the photoanode (the formation of oxygen O2 from water in
the presence of sunlight) is tungsten trioxide (WO3)(4).
Tungsten trioxide (WO3) is a light yellow powder insoluble in H2O and acids, but
soluble as tungstate in hot alkaline media. It is an intermediary compound in the
process of converting tungstates to pure tungsten. Tungstates are treated with
alkalis to produce WO3. By using carbon or hydrogen gas, the compound is reduced
to pure metal(5).

2 WO3 + 3 C + heat → 2 W + 3 CO2

(4.1)

WO3 + 3 H2 + heat → W + 3 H2O

(4.2)

Tungsten trioxide is fully transparent in the form of a thin homogeneous layer.
Tungsten trioxide can be employed as a typical photochromic material( 6 ). The
conversion from light yellow to dark blue can be driven by light (photoreduction)
or via applied potential (electroreduction) and occurs as a reversible reaction
associated with proton or cation insertion. Tungsten trioxide has also been added to
molten glass mixture to improve the corrosion resistance of optical glasses.
Additionally, tungsten trioxide has been used in surface acoustic wave sensor
devices for the detection of gasses such as hydrogen(7) and ethane(8). Due to its
optical and electrical properties, tungsten trioxide can be a good photoelectrode
material in a photoelectrochemical cell for hydrogen production via water splitting
(9,10,11)

.
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Since the first report on the photochromic property of WO3 films by Deb(12) in 1973,
the preparation effects on microstructure and photochromic processes for WO3
films have been extensively studied because of its promising applications in
information display devices, highdensity memories, and photoelectric sensors(13,14).
In order to obtain good properties, the films need to be nanocrystalline, uniform,
stable and compact. However, most of the early WO3 films, prepared by various
physical deposition methods(15,16) were amorphous, and the density, durability, and
uniformity are not good enough for industrial applications.

WO3 film properties for water splitting applications have been reviewed and
compared to other oxide photoanode materials(17). WO3 is reported to possess a
band gap of ca. 2.5 eV (monoclinic) and a photoanodic onset potential of 0.4 V vs.
NHE. The light yellow colour is consistent with an absorption maximum at ca. 400
nm. Oxygen evolution during AM1.5 irradiation associated with photocurrents of
ca. 3 mA cm2 are possible. For mesostructured films of ca. 2.5 µm thickness
(prepared via solgel methods) incident photon to current efficiency (IPCE) values
of close to 100% and current doubling phenomena have been reported(18).

4.1.2. Applications of Tungsten Trioxide Film Electrodes in Water Splitting
The nanostructure of the WO3 electrode can play an important role in water
splitting. Research into nanostructured tungsten trioxide is relatively new, with only
a few papers having been published since the potential use of these structures in the
tandem cell was proposed(19). Most of these papers use the solgel method for the
preparation of the electrodes( 20 ). Augustynski et al.( 21 ) demonstrated that a
maximum photocurrent response for the nanostructured WO3 is obtained at a
wavelength close to 400 nm with a significant response in the blue part of the solar
spectrum. Augustynski observed a conversion efficiency reaching 190 % in the
presence of methanol, indicating the occurrence of current doubling. Under
simulated solar illumination steadystate photocurrents of the order of several
mA/cm2 were obtained. Prolonged photoelectrolysis studies show that the WO3
electrodes could act as both an efficient and stable photoanode for the degradation
of organic effluents.
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Santato et al.(22) have investigated the properties of the nanostructured solgel WO3
electrodes produced based on the key preparation parameters, such as the tungstic
acid/PEG ratio, the PEG chain length, and the annealing conditions. They found
that a sequential deposition/annealing method allows one to build up smooth,
crystallographically orientated WO3 films in a range of thicknesses from a few
hundred nanometres to a few micrometres. The size of the nanoparticles and the
film porosity can be tailored by the appropriate tungstic acid/organic additive ratio
and the annealing conditions. Santato found that films of 2.5 µm give the best
photoresponse under solar illumination. In contrast, thinner films (less than 1 µm
thick) would be promising candidates for uses in electrochromic devices due to
their excellent adherence and mechanical stability, open mesoporous structure, and
good transparency.

Initial studies into the electron transport in the WO3 thin films were performed in
waterbased electrolytes by Wang et al. in 2000(9). These investigations were
performed in a broad potential range and at different temperatures. Cathodic dark
currents below the initial potential were related to the electrochromic process,
which is associated with the intercalation of H+ and/or Na+ into the WO3 structure
leading to blue colouration. In the dark, oxidation of water started at 1.5 V, which
was thought to be due to water leakage (or porosity) at the electrolyte/conductive
glass backcontact. Between 0.1 to 1.5 V, photocurrents were shown to increase
linearly with light intensity. The photocurrent was saturated above 0.8 V at each
light intensity. This shows that the generation of charge carriers within the film,
holes and electrons, become the rate limiting factor for the photocurrent as well as
the photooxidation of water. Linear log |i|  potential behaviour was observed
between 0.3 to 0.65 V at all light intensities. Exchange current densities were
calculated and were shown to be of the same order as for RuO2 electrodes (which
are good oxygen evolution catalysts) in the dark. Wang(9) showed that both IPCEEE
(illumination via the electrolyte) and IPCESE (illumination via glass substrate)
increase with film thickness. Quantum yields (EE and SE) reached a plateau at
between 420 and 440 nm wavelength. In this plateau region, the quantum yields for
SE illumination for all film thicknesses were close to unity. Quantum yields for EE
illumination were shown to be approximately 20 % lower, which decreased with
film thickness probably due to recombination losses. Using the quantum yields in
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the plateau region and an equation proposed by Södergren et al.(23), the diffusion
length of the electron through the film was estimated. Wang conducted an
experiment into the temperature dependence of the photoresponse showing that as
the temperature increases so the photocurrent increases.

There are many different methods for preparation of metal oxide electrode such as
electrodeposition( 24 ), spray pyrolysis(

25 )

, thermal oxidation( 26 ), solgel(9,22),

sputtering(27), and RF sputtering(28). In this study a pyrolysis process based on a sol
gel mechanism is employed.

4.1.3. Aims of this Study
In this chapter a thin WO3 film is produced on a fluorinedoped tin oxide (FTO)
substrate by spray pyrolysis. The films are shown to be robust and free of cracks or
crazing. These films are then investigated by surface analytical techniques and by
voltammetry with pulsed light to provide insight into the photoelectrochemical
reactivity. The IMPS method (Intensity Modulated Photocurrent Spectroscopy) is
employed to study the time dependence of processes within the WO3 film and to
obtain further insight into electron diffusion and the mechanism of photo
electrochemical water splitting at WO3 films. The effect of photodoping and light
intensity on the mobility of charge carriers is discussed. The main aims of the work
are to (i) fabricate robust WO3 photoanodes and (ii) reveal the mechanism of the
photoelectrochemical oxygen evolution in a quantitative treatment.
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4.2. Experimental
4.2.1. Chemical Reagents
Precursor solution was tungsten(VI) chloride, 99.9 % metal basis (WCl6), from
Aldrich, dissolved in 1:1 H2O: ethanol, which was absolute from Fisher Scientific.
All these chemicals were obtained commercially and used without any further
purification. FTO conducting glass (Asahi) was used as a substrate in all the
prepared WO3 electrodes. Aqueous 1 M sulphuric acid (Fisher Scientific 98.08 %)
was used in all experiments as an electrolyte. Water which used in preparation of all
solutions was filtered and double deionized water (DDW, MilliQ water, from Elga
system) with resistivity ca. 18.2 M � cm1.

4.2.2. Instrumentation
A traditional threeelectrode system was used consisting of a working electrode, a
WO3 thin film deposited onto an electrically conducting SnO2(F) coated glass, a
reference electrode based on Ag/AgCl (3M KCl), and a Pt auxiliary or counter
electrode. The photoelectrochemical measurements were carried out in a custom
build glass cell equipped with a quartz window (see chapter 3).

Direct currentpotential (IV) measurements were carried out with the three
electrode cell using a PPR1 wavefunction generator and a model 3581 potentiostat
(HiTek instruments) with a Belmont Instruments Recorderlab. Cyclic voltammetry
scans were performed in aqueous 1 M H2SO4 from +1.2 V to –0.2 V vs. Ag/AgCl
initially in the dark and then illumination was applied with a pulsed white LED
(Farnell 4325813 nm) and Blue LED (Farnell 455nm), which has been used in
some experiments. An oscilloscope (Tektronix TDS 210, two channel digital real
time oscilloscope, 60 MHz/1 GS/s) was employed to record individual pulses. For
impedance studies, Zplot software was used to operate a Solartron SI 1286
electrochemical interface and a Solartron SI 1260 impedance / gainphase analyser.
LED driver used to control LED which used to illuminate the working electrode
(WO3 films, 0.6 cm2). The SI 1286 applied to the cell a dc potential and an ac
potential with 10mV amplitude from SI 1260. The frequency was scanned from 63
KHz to 0.1 Hz. The dc potential was varied to correspond to the different open
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circuit voltages of the illuminated cell. The SI 1260 detected and measured the
impedance of the cell.

The absorption measurements of the electrodes were performed on a Varian Cary
50 Probe spectrometer. The background scan was performed using a blank piece of
SnO2(F) conducting glass. Photocurrent spectra were recorded for each sample with
both EE (Electrolyte entry) and SE (substrate entry) illumination. A silicon
photodiode of known IPCE(λ) function allowed calculation of IPCEcell.
Photocurrent spectroscopy was carried out. Output photocurrent from the cell,
detected with the aid of chopped light and a lockin amplifier, was plotted as a
function of wavelength of incident light with λ being varied from 550 nm to 300
nm in steps of 10 nm. The scan parameters used for all IPCE measurements were as
follows: delay time = 1 s; measurement time = 3 s; time constant = 1000 ms;
chopping frequency = 0.3000 Hz. The specific apparatus were: a Stanford Research
Systems SR830 lockin amplifier; an Amko SMD 101M stepping motor control; a
home made potentiostat; an Amko A1020 75 W xenon lamp powered by an
LPS75X/2 supply; an Amko monochromator with 10 nm spectral resolution. The
PPR1 was used to maintain a +1 V potential because this is a region where
photocurrent response is observed.
IMPS and IMVS measurements were performed with Solartron 1250 frequency
response analyser (FRA) which controlled by Zplot software. The blue LED (λ =
455 nm) was used to illuminate the cell. The modulation of the LED light intensity
was driven by the FRA. The applied frequency ranged from 10 kHz to 0.1 Hz. 1 M
H2SO4 used as an electrolyte in a threeelectrode cell which consists of Pt foil as a
counter electrode, Ag/AgCl as a reference electrode, and WO3 as a working
electrode. The potentiostat (PSTAT) (model 3581) measured the photocurrent of
the cell at shortcircuit and fed it to channel 1 of the FRA. The FRA detected and
measured the ac components at the same frequency at that of the incident light. The
cell signal was divided by the photodiode signal to give IMPS.

4.2.3. Procedure for the Spray Pyrolysis Deposition Method
The preparation of transparent WO3 nanostructured film by using spray pyrolysis
method was performed using the following steps (29):
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The FTO slide was cleaned by sonication at 40oC for 15 minutes in,
sequentially, detergent (5 vol% decon90), Isopropanol, acetone and in
ethanol.

(2)

The FTO substrate was then heated to high temperature (ca. 450o C) for ~15
minutes

(3)

A third of the FTO slide was covered by another microscope slide in order
to retain a conducting contact

(4)

Manually, using a spray bottle, the precursor solution (0.01 M WCl6/ EtOH:
H2O 1:1) was sprayed onto FTO slide on a hot plate at ca. 450 oC. Two
sprays along the hot FTO slide per 10 seconds were applied for 5 minutes.
The solution was sprayed in fine droplets using air as a carrier gas through a
manualsqueezable rubber pump connected to the spray bottle as shown in
Figure 1.1

(5)

After completing the spraying process, the sample was left for ca. 5 minutes
on the hotplate, and then pushed away from the central hot area to the edge
of the hotplate to cool down.

(6)

The sample was then sintered in ELITE furnace for annealing at 450oC for
30 minutes. The film was dark yellowish green before annealing and turned
to pale yellow after annealing. The prepared films are reproducible with
accuracy 97%.

Figure 1.1. A photograph of the manual spray bottle connected to a squeezable rubber
pump.
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4.3. Results and Discussion
4.3.1. Formation and Characterisation of WO3 Films
Films of WO3 suitable for photochemical water splitting can be formed via a range
of deposition methods. Here, spray pyrolysis was chosen as a fast and reproducible
approach for making welldefined film electrodes. A WCl6 precursor solution in
waterethanol is sprayed onto a clean FTO substrate at approximately 450o C (see
Experimental).

Rapid

evaporation

of

the

water/

ethanol

and

hydrolysis/polymerisation of the tungsten chloride produces finely grained and
uniform films of WO3 similar to literature reports(29).

Figure 4.2. SEM images for a spraypyrolysis film on a FTO substrate. In the
surface view (A) a dense film with small pores (<50 nm) is observed. The cross
sectional view (B) shows a uniform film of ca. 7 µm thickness.
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Figure 4.2 shows a typical SEM image for the surface topography and the cross
sectional view. Films appear dense possibly with small pores up to typically 1020
nm in diameter. The film thickness is typically 7 µm and the film is visible by eye
only as a light yellow colour.

4.3.2. Cyclic Voltammetry Studies of WO3 Films with and without
Illumination
Cyclic voltammetry offers a powerful survey method to explore reactivity of
materials as a function of the applied potential. Photocurrents are observed in
characteristic potential ranges depending on the mobility and reactivity of photo
generated electrons and holes. WO3 is a semiconductor material with ntype
characteristics( 30 ) where reactive holes (minority charge carriers) are produced
locally and electrons (majority charge carriers) can move through the conduction
band to the back contact and into the electrode substrate. Films of WO3 have been
demonstrated to be oxygen evolving photoanodes(31) where the locally generated
holes cause oxidation of water or other types of oxidisable reagents(32).

Typical voltammetric responses for spraypyrolysis WO3 films on FTO are shown
in Figure 4.3. The applied potential was scanned from +1.2 V to –0.2 V and back to
+1.2 V vs. Ag/AgCl using scan rates of (i, iii) 10 and (ii) 50 mVs1.
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Figure 4.3. Cyclic voltammograms obtained at a 6 mm2 WO3 film immersed in aqueous 1
M H2SO4 and with a scan rates of (i, iii) 10 and (ii) 50 mVs1. Voltammograms were
obtained (i, ii) without and (iii) with illumination (SE) with a flashing white light LED
(10.09 mW.cm2).

In the forward scan without illumination a reduction is observed commencing at ca.
0.37 V vs. Ag/AgCl. A peak for the reduction is observed at ca. 0.05 V vs.
Ag/AgCl and the cathodic current continues to increase at more negative potentials.
Upon reversing the scan direction an anodic peak is observed at ca. 0.17 V vs.
Ag/AgCl. The reduction and reoxidation process is consistent with the well known
reduction of WO3 to blue “tungsten bronze” or WO2(OH)(33) (see equation 4.3).
W(VI)O3(s)

+ e + H+(aq)

W(V)O2(OH)(s)

(4.3)

Next, cyclic voltammetry was performed in the presence of a flashing white LED at
light intensity 10.09 mW/cm2. The onset of the anodic photoresponse is observed
at ca. 0.4 V vs. Ag/AgCl. Anodic photocurrents are expected for ntype
semiconductor materials and they reflect the formation of electron – hole pairs
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upon photon absorption. Electrons are usually mobile due to the availability of the
conduction band and they can diffuse towards the electrode. Holes are less mobile
and chemically highly reactive, tending to immediately react at the WO3 | aqueous
electrolyte interface to give oxygen (equation 4.44.6).

2 W(VI)O3(s) + hv
W(V)O3(s) + H+(aq)

W(V)O3(s) +

W(VI)O2(O•)+(s)

W(V)O2(OH)(s)

4 W(VI)O2(O•)+(s) + 2 H2O

(4.4)

(4.5)

4 W(VI)O3(s) + O2(g) + 4 H+(aq)

(4.6)

Oxygen evolution, in equation 4.6, is a multisteps process. From these equations it
can be seen that simultaneously to the formation of oxygen also the formation of
tungsten bronze, W(V)O2(OH), is possible, but only as a transient intermediate
species due to the positive applied potential. At a potential of ca. 0.7 V vs. Ag/AgCl
saturation occurs and the anodic photocurrents reach a maximum value (see Figure
4.3.iii). This saturation effect corresponds to a maximum of electrons being
harvested from the photoexcited film.

In order to study photocurrent responses in more detail, onoff phototransients vs.
time were recorded (see Figure 4.4.). A comparison of backlit (SE) versus frontlit
(EE) configuration reveals a much improved photocurrent response when the light
pulse is illuminating the substrate side of the sample. In part this can be attributed
to additional losses of light when passing through the electrolyte. But another major
factor is believed to be the loss of photocurrent due to recombination and the more
extended pathway for photogenerated electrons crossing the film after excitation
close to the WO3 | electrolyte interface.
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Figure 4.4. Photocurrent responses for WO3 film electrodes (iii,iv) EE configuration and
(i,ii) SE configuration immersed in aqueous 1 M H2SO4 and with an applied potential of
(i,iii) 1.2 V vs. Ag/AgCl and (ii,iv) 0.8 V vs Ag/AgCl through illumination by using white
LED at 10.09 mW.cm2.

It was found also that photocurrent responses increase with increasing illumination
intensity. However, the rate of signal rise and decay of the photocurrent appears to
be independent of the illumination intensity. The rise and decay of the
photocurrents can be attributed to the rate of diffusion of electrons (or ions, vide
infra) within the WO3 film after the holes have been consumed in the generation of
oxygen.

A further observation concerns the potential dependence of the transient signal
decay. In Figure 4.4. photoresponses obtained at 0.8 V vs. Ag/AgCl and 1.2 V vs.
Ag/AgCl are contrasted. Perhaps surprisingly, the signal rise and decay at more
positive potential is significantly slower. This effect contradicts the model of a
simple diffusion and potential driven charge extraction process. The effect will be
discussed in more detail below.
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4.3.3. Absorption Spectroscopy and IPCE Studies for SprayPyrolysed WO3
Films
Absorption measurements were carried out in air. It was observed that the WO3
film electrodes absorb in the 350 nm to 450 nm wavelength range consistent with
the UV and Blue colorations. There is significant background absorption
throughout the 550 to 350 nm range, probably due to some scattering of light at
WO3 particles. An increase of absorption towards shorter wavelengths without
welldefined peak is observed up to ca. 350 nm wavelength consistent with
literature reports for similar thin WO3 films(34).

Figure 4.5. (i) Absorption spectrum of WO3 film electrodes (FTO electrode background
substracted). (ii) IPCE measurement for WO3 film electrode (SE) immersed in 1 M H2SO4
and with a +1.0 V vs. Ag/AgCl applied potential.

The absorption coefficient of the WO3 film can only be estimated. In the
wavelength region around 445 nm the onset of the absorption is observed and the
absorbance is approximately A = 0.03 (see Figure 4.5i). The extinction coefficient
can be estimated based on α =

A
= 1800 m −1 , where l is the thickness of the
2.3 l

WO3 film. The true absorption coefficient could be considerably lower than this
estimate due to additional losses from poor optical coupling and light scattering.
It was observed that the absorption is slightly higher in case of illumination via the
EE side compared to that in case of illumination via the SE side. This is likely to be
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caused by reflection effects and differences in optical coupling. The efficiency of
the cells to photoactivation is the most important component to their use on an
industrial scale for example in tandem cell devices. Ideally the cells will absorb as
much of the blue region of the spectrum with a high overall incident photon to
current efficiency. It has been shown previously that the peak in “Incident Photon
Conversion Efficiency” or IPCE (see equation 4.7) is at approximately 400 nm(21).
Therefore a scan range of 500 nm to 300 nm was chosen to investigate the
efficiency of the WO3 cell.

IPCE =

i

(4.7)

J photon e

In this expression the IPCE is defined as the ratio of current, i, to photon flux,
Jphoton, multiplied with the elementary charge, e. The IPCE has been measured for
both EE and SE illumination of all WO3 samples. It was found that IPCE for the
investigated WO3 samples immersed in aqueous 1 M H2SO4 is high and in the
range of 20  60%. Figure 4.5.ii shows a typical IPCE for a WO3 film (SE) at +1.0
V vs. Ag/AgCl reaching 58%. The SE configuration gives slightly higher IPCE
values up to 60%. The main reason for IPCE values not reaching even higher
values could be the considerable thickness of the WO3 film which may lead to
some recombinational losses.

4.3.4. Electrochemical Impedance Spectroscopy (EIS) with and without
Illumination
Impedance spectroscopy provides insight into the time dependence of phenomena
at a fixed potential. By applying a small amplitude sine wave function to the
applied DC potential and changing the frequency over several orders of magnitude
often processes at interfaces and in the bulk can be separated(

35 )

. The

characterisation of solar cells based on approximate impedance methods is well
established(36).
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Here thin WO3 films on FTO electrodes are investigated in aqueous 1 M H2SO4.
The potential region negative of 0.4 V vs. Ag/AgCl is associated with the direct
reduction of WO3 to tungsten bronzes (see equation 4.3) and no effects of
illumination are expected (see Figure 4.3). However, with applied potential positive
of 0.4 V illumination affects and photocurrents are observed. Therefore impedance
experiments are carried out in this positive potential range and for a range of
frequencies from 63 kHz to 0.1 Hz. Typical Bode plots are shown in Figure 4.6.

Figure 4.6. Bode plots with (A) absolute impedance versus frequency and (B)
phase angle versus frequency for a WO3 film electrode immersed in 1 M H2SO4
with an applied potential of 1.2 V vs. Ag/ACl. Light source blue LED with 455 nm
wavelength and with intensity 10.09 mW.cm2.

Impedance spectra for dark conditions are dominated by a serial R (resistor) – C
(capacitor) combination resulting in a phase angle of close to zero degree at high
frequencies (the capacitor becomes highly conducting) and a phase angle of close
to 90 degree at low frequencies (the capacitor becomes highly blocking). The
transition from resistive (high frequency) to capacitive (low frequency) behaviour
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occurs at a frequency which is characteristic and dependent on applied potential
and applied illumination. The Bode plots in Figure 4.6 show typical examples of
data sets obtained in the dark and in the presence of light. Data obtained in the dark
and in the presence of light are summarised in Table 4.1.

Table 4.1. Impedance data for a spraypyrolysed WO3 film on FTO (area 0.38 cm2)
and immersed in aqueous 1 M H2SO4 at different applied DC potentials and at 10
mV AC amplitude (light source: blue LED at light intensity 300 mA (10.09
mW.cm2).

E / V vs.
Ag/AgCl

Conditions

R /�

Dark

0.4

Light

Light

197

EE

21

155

SE

19

222

22

74

EE

21

136

SE

18

157

36

27.7

EE

20

120

SE

18

133

44

6.8

EE

19

102

SE

18

115

45

4.77

EE

19

81

SE

18

95.1

Dark

0.8

Light

Dark

1.0

Light

Dark

1.2

a

Light

C / µF

21

Dark

0.6

a

a

parameters obtained by employing the “fit circle” option in Zview.
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For impedance data obtained in the dark, a trend of resistance R to higher values
and capacitance C to lower values occurs when going from 0.4 V vs. Ag/AgCl to
more positive potentials. The FTO film electrode is expected to exhibit a resistance
of ca. 20 Ohm with the aqueous electrolyte contributing only a negligible resistance.
The resistance in the dark clearly increases and the effect is removed when the
electrode is illuminated. It appears likely that the porous WO3 is contributing a
resistance effect which is dependent on the conductivity in pores. A more positive
applied potential appears to affect the pore resistance by removing traces of W(V)
states. When illuminated (or at lower applied potentials) the presence of mobile
W(V) states increases which causes a decrease in WO3 film resistance. SE
illumination is consistently more effective compared to EE illumination. The
capacitance in the dark and when illuminated can be understood based on the same
model. Removal of mobile charge carriers causes the dark capacitance to fall to
very low levels and illumination is causing some of the capacitance to be restored.
Illumination causes formation of W(V) sites (see equation 4.4) via photodoping.
The schematic drawing in Figure 4.7 summarises the impedance characteristics.

Figure 4.7. Schematic drawing of (A) the FTO electrode with WO3 film coating
and (B) the corresponding oversimplified equivalent circuit based on a serial RC
combination.
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4.3.5. IntensityModulated Photocurrent Spectroscopy (IMPS) and Intensity
Modulated Voltage Spectroscopy (IMVS) for SprayPyrolysed WO3 Films
Photocurrent spectroscopy is a method based on a modulation applied to the light
intensity when conducting experiments under potentiostatic or galvanostatic
conditions. Transients recorded with potential stimulation are often affected by
slow charging of interfaces and important rate information can be obscured. When
modulating the light intensity new complementary information is obtained.

Intensitymodulated voltage spectroscopy (IMVS) provides a tool for the
investigation of recombination processes at open circuit (zero current). Photo
excitation of WO3 produces electrons and holes and these may recombine
“directly” or “indirectly”. Direct recombination will require electrons to diffuse
back to the location of the hole. For holes which are very quickly undergo chemical
reactions at the semiconductor surface, an indirect recombination pathway is
proposed. Oxygen generated from holes at the WO3 surface in contact with the
aqueous electrolyte, can be converted back into water when recombination with
electron occurs. This process is known to be very slow(37) (equation 4.8). However,
it can be catalysed at the FTO substrate which is in contact with electrolyte solution
in the pores of the WO3 film.
4 W(V)O2(OH)(s) + 2O2(aq) + 4 H+(aq)

4 W(VI)O3(s) + 4 H2O

(4.8)

In order to establish the recombination rate as a potential loss mechanism for
photocurrents, intensitymodulate voltage spectroscopy (IMVS) is employed. In
this measurement, the light intensity of a blue LED is modulated around a bias, the
electrochemical cell is operated at open circuit, and the resulting modulation of the
open circuit voltage is measured as a function of frequency.
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Figure 4.8. IMVS data for a WO3 film immersed in aqueous 1 M H2SO4
illuminated with a blue LED (9.23 mW cm2 bias, 20% modulation).

Figure 4.8 shows typical IMVS data for the WO3 film electrode in 1 M H2SO4. A
semicircular response is obtained in the admittance plane consistent with a serial
RC element. The time constant for this RC element provides a good estimate for the
“recombination time” when electron in the WO3 film react with oxygen directly or
indirectly. The ωmax = 195 rad s1 parameter extracted from the semicircle data
suggests that the decay time is ca. τ =

1

ω max

= 5 ms. This value was observed for

different illumination intensities and for both EE and SE illumination. The open
circuit voltage during measurements was ca. 0.3 V vs. Ag/AgCl, which is in
agreement with the onset region for the photocurrent (see Figure 4.3). The data
obtained with IMVS will be employed in the analysis of IMPS data.
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IMPS is based on the application of a fixed potential and the measurement of the
photocurrent response when the light intensity is modulated. The analysis of IMPS
data can reveal electron mobilities and further insights into electron transfer effects
(38)

. The overall mechanistic model describing the photoresponses of thin WO3

films can be based on the generation/collection equation with three important terms
(equation 4.9) (39).

∂n
∂ 2n n
= Dapp 2 − + αI 0 e −αx
∂t
τ
∂x

(4.9)

In this equation the rate of formation/loss of electrons
diffusion of electrons Dapp

∂n
is balanced by the
∂t

∂ 2n
n
, the first order decay via recombination processes ,
2
τ
∂x

and the photogeneration of electrons αI 0 e −αx . This equation has been solved
analytically (39) for the case of a sinusoidal modulation of the illumination intensity
(equation 4.10).
I (t) = I 0 e iωt

(4.10)

The boundary conditions for the process at the substrate and electrolyte interface
are given by equations 4.11 and 4.12, respectively.

k n(0,t) = D

∂n
app ∂x

∂n( x, t )
∂x

=0

x=d

(4.11)

x=0

(4.12)

The solution for illumination from the solution interface (EE) can be expressed in
terms of the photocurrent conversion efficiency Φ EE (ω ) =

j electro
, which is the
q I0

ratio of the flux of electrons, jelectro, and the light intensity I0 multiplied by the
elementary charge q. The expression is given in equation 4.13.
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α
α +γ

e (γ −α )d − e −(α +γ )d + 2α
γd

e +e

−γd

+

Dapp γ
k

e (γ −α )d −1
γ −α
γd

(e − e

−γd

(4.13)

)

In this expression α is the absorption coefficient defined in A = αx, d is the film

⎛ 1
iω
+
thickness, γ is defined in γ = ⎜
⎜D τ D
app
⎝ app

⎞
⎟ (with the diffusion coefficient Dapp,
⎟
⎠

the decay time for recombination τ, the frequency ω, and i = −1 ), and k (in m s1),
the rate constant for electron transfer at the WO3 | FTO substrate interface. A
similar expression is obtained for the case of illumination from the substrate, SE
(see equation 4.14).
e −α d − e − γ d
e − e + 2α
α
γ −α
Φ SE (ω ) =
Dapp γ γd
α + γ γd
e + e −γ d +
(e − e −γd )
k
γd

−γd

(4.14)

The photocurrent conversion efficiency Φ is measured as a current response with
time. Any resistive elements in the film electrode will therefore produce local
potential gradient effects which coupled to the local capacitance of the electrode
create an additional attenuation effect. The components R and C are obtained from
independent impedance measurements (vide supra) and the attenuation effect is
given by equation 4.15.

Φ total

= Φ(ω ) ×

1 − iωRC
1 + ω 2 R 2C 2

(4.15)

Based on these analytical expressions the full data analysis for IMPS data can be
based on a fitting process in a spreadsheet programme. However, in order to reduce
the number of unknown parameters, first an approximate analysis of IMPS data is
discussed.
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The generation of a current response at fixed voltage and with modulated light is an
illumination intensity dependent process. A typical dataset obtained at a potential of
0.8 V vs. Ag/AgCl with illumination from the solution side (EE) is shown in Figure
4.9.

Figure 4.9. IMPS data (potential 0.8 V vs. Ag/AgCl, frequencies 1 kHz to 0.1 Hz)
for a WO3 film electrode immersed in aqueous 1 M H2SO4 illuminated with a blue
LED (9.23 mW cm2 bias, 10% modulation).
A semicircle observed in the low frequency region represents a relaxation process
involving charge transport across the WO3 film. The characteristic frequency, ωmax
= 303 rad s1, can be extracted linked to electron diffusion across the semiconductor
film. The transport relaxation time τD can be linked to both the frequency ωmax and
the apparent diffusion coefficient Dapp (see equation 4.16).

ω max =

1

τD

=

4 Dapp

(4.16)

δ2

This equation allows the apparent diffusion coefficient Dapp to be estimated from
the semicircle data in Figure 4.9 assuming a WO3 film thickness of δ = 7 µm. Table
4.2 summarises the frequency and diffusion data as a function of illumination
intensity and applied potential. Shown are the data for the EE configuration. A very
similar set of data has been obtained for the SE configuration. The main difference
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in EE and SE data is the absorption coefficient (see Table 4.2) which is affected by
the reflection of light and optical coupling effects in the measurement cell.

The estimated apparent diffusion coefficient can be seen to change only very little
with the applied potential (see Table 4.2). An apparent decrease in the diffusion rate
occurs at higher potentials and this is consistent with the absence of migration
effects. The mobility of electrons in WO3 is believed to be associated with the
presence of trapping states (e.g. W(V)O2(OH)) and a depletion of these states in the
vicinity of the FTO substrate could be contributing the lowering of the apparent
diffusion coefficient at higher applied potentials.

A significant effect on the apparent diffusion coefficient for electrons in WO3 is
observed when the illumination bias is changed (see Table 4.2). When going from
low photon flux to higher photon flux, a one order of magnitude change in Dapp
occurs with faster diffusion at higher levels of illumination. A closer inspection of
the dependence of Dapp on the photon flux I0 suggests an exponential dependency
(equation 4.17).

Dapp

= Dapp ,0 × exp( p × I 0 )

In this expression Dapp,0 = 0.2 ×

(4.17)

109 m2s1 denotes the apparent diffusion

coefficient of electrons in WO3 in the dark and the parameter p = 1.4 × 1016 s
describes the effect of photon flux on the diffusion coefficient. Similar effects of
illumination on charge carrier diffusion have been reported for TiO2(40), ZnO(41),
and for other types of systems(42). The physical reality of the observed effect can be
traced back to the presence of trap states. The apparent diffusion coefficient Dapp is
(in good approximation) inversely proportional to the first order trapping rate
constant ktrap and this is exponentially dependent on the light intensity (vide infra).
Another approach to this intensity dependence of the apparent diffusion coefficient
is to consider the trapping states as “photodoping” states and therefore “photo
doping” (see equation 4.3) the reason for this variability.
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Table 4.2. Summary of IMPS data for a WO3 film electrode immersed in aqueous 1
M H2SO4. All measurement in EE configuration with a blue LED (λ = 455 nm).
Eappl

a

ωmax

/ V Photon
b

c

Absorbance

d

e

Dapp

k

/ 109 m2s1

/ m s1

24 / 37

0.74

0.002

124

24 / 39

1.5

0.002

1.65

210

25 / 39

2.6

0.002

0.8

2.35

303

24 / 38

3.7

0.002

0.8

2.58

628

24 / 38

7.7

0.002

0.8

2.76

810

24 / 38

9.9

0.002

0.4

1.40

128

24 / 39

1.6

0.002

0.5

1.40

127

24 / 39

1.6

0.002

0.6

1.40

127

24 / 39

1.6

0.002

0.7

1.40

124

24 / 39

1.5

0.002

0.8

1.40

124

24 / 39

1.5

0.002

0.9

1.40

122

25 / 39

1.5

0.002

1.0

1.40

120

24 / 39

1.5

0.002

1.1

1.40

119

25 / 39

1.4

0.002

1.2

1.40

111

25 / 39

1.3

0.002

/ rad s1

vs.

flux I0

Ag/AgCl

/ 1016 s1

0.8

0.93

60.6

0.8

1.40

0.8

α / m1

EE / SE

a

bias voltage applied to the WO3 film electrode.
photon flux measured with a calibrated photodiode.
c
the ωmax value is obtained by fitting a depressed semicircle into experimental data.
d
absorbance values estimated by fitting equations 4.13 and 4.14 into experimental
data.
b

e

apparent diffusion coefficient estimated obtained with Dapp =

δ 2ω max

4
rate constant for electron transfer from WO3 film to FTO substrate not well
defined. Similarly good fits are obtained for higher values which suggest diffusion
controlled electron transfer rather than rate controlled.
f
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Figure 4.10. Experimental and calculated IMPS data presented as (A) imaginary Φ
versus real Φ and (B) absolute Φ versus frequency plots. The data set corresponds
to IMPS data (potential 1.2 V vs. Ag/AgCl, frequencies 1 kHz to 0.1 Hz) for a WO3
film electrode immersed in aqueous 1 M H2SO4 illuminated with a blue LED (7.13
mW cm2 bias, 10% modulation).

With many of the parameters required for equations 4.13 and 4.14 determined or
estimated in good approximation, it is now possible to attempt a full solution of the
IMPS data based on a model of (i) photogeneration of holes and electrons, (ii)
holes reacting immediately to give O2 at the WO3 | electrolyte interface, (iii)
Fickian diffusion of electrons (with trapping), and (iv) recombination via back
reaction of electrons with oxygen (vide supra). A schematic drawing of the process
is shown in Figure 4.11.
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Figure 4.11. The electron diffusion through the thin film WO3 to the conducting
glass substrate, by illumination via EE side.

A typical dataset of experimental and fitted IMPS data is shown in Figure 4.10. The
dominant semicircle is readily observed and the slightly depressed nature of the
experimental semicircle is apparent. This depression effect is often believed to be
associated with a dispersion effect (e.g. a distribution of film thicknesses) but could
also be related to trapping effects (vide infra). The high frequency region is
dominated by more complex behaviour outside of the first simplistic model. The
low frequency behaviour is well reproduced with the model. The rate of electron
transfer across with WO3 | FTO interface was observed to be only poorly
determined. The value could be increased and the absorbance decreased to give a
similar fit. Therefore, the process is believed to be essentially diffusion controlled.

The additional parameters determined via the fitting of IMPS data are the
absorbance values. It can be seen (see Table 4.2) that the absorbance for EE
illumination is systematically lower compared to the case of SE illumination. This
is due to reflection and poor optical coupling of the experimental cell rather than a
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real effect. Also, these absorbance values are considerably lower compared to the
predicted absorbance α = 1800 m1 based on the UV/Vis spectrum.

The analysis of IMPS data can be further improved by including the effects of
electron trapping kinetics. It is assumed that the mobility of electrons is relatively
high, however, intermittent trapping of the electrons slows down the transport and
therefore substantially lowers the apparent diffusion coefficient. The trapping
transport model can be expressed as in equation 4.18.

W(VI)O2(OH)+

+

e

W(V)O2(OH)

(4.18)

The trapping and detrapping of the electron occurs with the (pseudo) first order
rate constants ktrap and kdetrap, respectively. The trapped electron is assumed to
undergo reaction with holes or oxygen with a time constant τtrap. The model
assumes that ktrap and kdetrap are constant throughout the WO3 film and leads to new
expressions for Dapp and γ as suggested by Peter(38).

Dapp =
1+

γ2 =

D
k trap k detrap
⎛
⎜ k detrap + 1
⎜
τ trap
⎝

k trap
1
+
Dτ cb
D

(4.19)
⎞
⎟
⎟
⎠

2

1 ⎛⎜
1
k detrap +
τ trap ⎜⎝
τ trap
⎛
⎜ k detrap + 1
⎜
τ trap
⎝

⎞
⎟
⎟
⎠

2

⎞
⎛
⎞
⎟
⎜
⎟ +ω2
⎟
⎜
⎟
k trap k detrap
iω ⎜
⎠
⎟
1+
+
2
⎟
D⎜ ⎛
1 ⎞⎟
⎜ ⎜ k detrap +
+ω2
+ω2 ⎟
⎟
⎜ ⎜
τ trap ⎟⎠
⎠
⎝ ⎝

(4.20)
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With this modification of the model, the high frequency IMPS data can suddenly be
reproduced and explained. Figure 4.12 shows typical data for three levels of
illumination.

Figure 4.12. (A) IMPS spectra for a WO3 film electrode immersed in 1 M H2SO4 at
0.8 V vs. Ag/AgCl with illumination of I0 = (i) 0.93 × 1016 s1, (ii) 1.40 × 1016 s1,
(iii) 1.65 × 1016 s1 and a frequency range of 1000 to 0.1 s1. (B) Simulated IMPS
data based on the trapping model with k = 0.01 m s1, ktrap = 3000 s1, kdetrap = 80 s1,
and D = (i) 2.8 × 108 m2s1, (ii) 5.7 × 108 m2s1, and (iii) 8.0 × 108 m2s1.

The match between experimental and simulation data is only qualitative and in
particular in the high frequency range the shape is not fully reproduced.
Nevertheless, features appear very similar. An interesting observation is that not
ktrap but instead D appears illumination dependent. The pseudo first order rate
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constant ktrap is expected to increase with higher illumination and it does at even
higher levels where data becomes even more complex. In contrast, the increase in D
is unexpected. Both observations can be understood with a model based on trapping
sites close to the WO3 | aqueous electrolyte interface (e.g. a spatial dependence of
ktrap and other parameters). With higher light intensity the number of “active
trapping sites” may stay relatively constant whereas D increases as the path of
electrons penetrates deeper into the WO3 grains away from the aqueous dielectric.

Interestingly, IMPS data do not show a clear explanation for the slower kinetics
observed in phototransient experiments at +1.2 V vs. Ag/AgCl potential bias.
IMPS data are obtained under a small amplitude conditions, which is in agreement
with linear response theory. Phototransient measurements, in contrast, are based on
large amplitude responses and additional effects outside the linear response regime
are encountered. It is possible that at very positive potential bias a depletion of
trapping states near the WO3 | FTO interface occurs causing a change in time
constant at lower electron concentration.

A further aspect missing from the detailed data analysis for IMPS measurements of
WO3 films is the presence of pores and the need for proton conduction into these
pores during photodoping. Photodoping of the WO3 film is associated with the
formation of W(V)O2(OH) states and the protons required for these states to form
have to be delivered from the aqueous solutions phase. Due to the high proton
activity in 1 M H2SO4 these effects may be negligible. However, proton depletion
in pores could be significant and proton diffusion in pores may also contribute (or
even dominate) to the observed apparent diffusion coefficients. Further
experimental work and better theoretical models will be required in future to shed
more light on these problems.
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4.4. Conclusions
Spraypyrolysis techniques have been applied for the fabrication of thin photo
electrochemically active WO3 films on FTO substrates. The characterisation of
these films revealed good photoactivity for 7 µm thickness and oxygen evolution
for bias voltages positive of 0.4 V vs. Ag/AgCl. The effect of illumination on the
apparent diffusion coefficient Dapp for electrons revealed an exponential
dependence of Dapp on light intensity and “photodoping”. Qualitative evidence for
the trapping diffusion model has been obtained. Further studies will be required for
more quantitative information and to explore the effects of film thickness and pores
size.
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Chapter 5
LayerbyLayer Formation and
Characterisation of PhotoElectro
Chemically Active Films of NanoHematite
Fe2O3

Abstract. In this chapter the layerbylayer assembly method is employed to form
films from hematite nanoparticles and phytate binder molecules. Photo
electrochemical responses are observed as a function of film thickness and applied
potential. A model based on differing electron and hole mobility in conjunction with
recombination is applied to explain the phototransient responses.
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5.1. Introduction
5.1.1. Introduction to LayerbyLayer Assembly
Materials for electrodes often require a high level of optimisation in terms of
composition and morphology. In particular in photoelectrochemistry the thickness
and composition of mesoporous semiconductor films is important and methods for the
controlled design (in contrast to simple spray pyrolysis

(1)

or growth by sputter

(2)

coating

) of photoelectrochemically active films are required. The electrostatic

assembly of colloid particles in layerbylayer manner could be a useful alternative
method and therefore this method is employed in this chapter.

The layerbylayer assembly process based on colloidal building blocks has been
introduced by Hong and Decher

(3)

and it provides a very good technique for the

manufacturing of composite films with nanometer scale. It is a versatile, simple, and
easy to use technique, although labour and time intensive. The attractive feature of
this approach is the ability to produce complex structures from basic colloidal
components, and integration of building blocks into selfassembling constructions for
a wide range of applications(4). Another good feature of selfassembly is hierarchy,
where the primary composition blocks adhere with more complex secondary
structures that are integrated into the next sizelevel in a compact structure. These
hierarchical constructions may exhibit unique properties that are not found in the
individual components (5,6,7). It is interesting to apply this film design concept to the
problem of making optimised photoactive electrodes. Here the focus is on the use of
hematite (Fe2O3) which is known to be a highly sustainable and promising photo
anode material for water splitting (8,9).
Layerbylayer (LBL) assembly is based on the electrostatic attraction between
charged colloidal species. LBL assembly was used for example to synthesize metal
oxide nanostructures for In2O3, NiO, SnO2, Fe2O3, and CuO. It has also been widely
used to synthesize polymeric multicomposites, inorganic and hybrid hollowspheres,
polymer nanotubes, and core–shell nanostructures (10).

In the past, the layerbylayer method was used to prepare two types of nanoporous
Fe2O3 (11). The first type was a nanofilm deposit composed of 4–5 nm sized Fe2O3
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particles connected by phytic acid as a molecular binder. The second type was a
nanoporous film formed after calcination of the first type of deposit in air at 500o C to
give a stable mesoporous hematite film. Scanning electron microscopy (SEM) and
atomic force microscopy (AFM) were used to characterize these nanofilm deposits. It
was found that the average thickness contributed to the film by every layer was ca. 3
nm (11).

5.1.2. Introduction to Photoelectrochemical Processes at Hematite
Hematite films provide a uniquely sustainable technology for water splitting(12) and
successful single crystal studies have been reported for example in 1983 by Hamnett
and coworkers(13). This semiconductor material has a band gap of 2.02.2 eV (Fe2O3
is both an indirect band gap system similar to silicon and a direct band gap system (14)
and it allows light absorption up to 550 to 600 nm (15,16) depending on film thickness,
particle size, and doping). There is a marked effect of the electrode preparation on the
photoelectrochemical performance(2,17,18) and in particular silicon doping has been
highlighted as a major factor in improving efficiency

(19,20,21,22)

. Although the details

of the complex photoanodic oxygen evolution process at hematite are not fully
resolved (11), it is generally accepted that charge separation upon photon absorption is
causing the formation of a mobile conduction band electron and a rather immobile
hole. The hole diffusion to the Fe2O3 surface is required followed by multielectron
oxidation of water to O2 in competition to recombination (23). Catalyst layers based on
cobalt and iridium have been suggested to improve the surface reaction and to
suppress recombination (21). The limit for the theoretical current density for (AM1.5)
photoelectrochemical oxygen evolution at Fe2O3 has been reported as 12 mAcm2 (24).
Reproducible literature values are currently at ca. 3 mAcm2 (25).

5.1.3. Aims of this Study
In this chapter, the layerbylayer method is employed to make films of nano
hematite, Fe2O3 nanoparticles of ca. 5 nm diameter. A negatively charged molecular
binder, phytate (see Figure 5.1B), is employed and films are calcined to give purely
inorganic mesoporous deposits.
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(B)

(A)

Figure 5.1. (A) Schematic representation of the deposition process based on the
alternating film adsorption employing positively charged Fe2O3 nanoparticles and
negatively charged phytate. The resulting structure is likely to be disordered rather
than layered as indicated. (B) Molecular structure of the phytate polyanion.

Photoelectrochemical experiments are conducted in order to explore the ability of
nanohematite films to undergo photochemical water splitting processes. The
nanoparticulate Fe2O3 films deposited on FTO are shown to provide dark access to
“conduction band” and “valence band” in cyclic voltammetry experiments. Mobility
of electrons and holes are investigated as key components in the photocurrent
transients. Recombination is shown to be the major limiting factor in
photoelectrochemical oxygen evolution. A very simple surface conduction model is
developed and contrasted to the existing bulk semiconductor models for transient
photocurrent data interpretation.

The main aims of this chapter are to (i) demonstrate and improve photoactivity for
layerbylayer hematite films and (ii) to develop a new quantitative model for the
interpretation of transient and steady state photoresponses.
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5.2. Experimental
5.2.1. Chemical Reagents
FeCl3, NaClO4, NaOH, HClO4, phytic acid sodium salt (all SigmaAldrich). These
chemicals were obtained commercially and used without any further purification.
Water for experiments was filtered and double deionized water (Elga Filter Systems,
Bucks) with a resistivity of 18.2 M� cm at 20o C.

5.2.2. Instrumentation
Electrochemical measurements were conducted with an Autolab PGSTAT12
(Ecochemie, NL) potentiostat system. Working electrodes were prepared from tin
doped indium oxide (ITO) coated glass slides (Image Optics, Basildon). ITO used in
case of junction experiment and FTO has been used in all the other experiments
included in this chapter. These glass slides were sonicated in water and in ethanol and
then heat treated at 500 oC in air to remove all impurities from the surface. The
resulting hydrophilic surface was used for dipcoating experiments. An Ag/AgCl (3
M KCl) was used as reference and a platinum wire as counter electrode.

Generator – collector experiments were performed at patterned ITO electrodes.
Initially, electrodes were patterned by masking off a “U” pattern (with KelF tape).
ITO etching was then carried out in 1 wt.% tartaric acid and 3 wt.% oxalic acid
solution at 35 ˚C for 20 minuets. The resulting ca. 1 mm wide ITO line was then cut
with a focused ion beam (FIB: Ga liquid metal ion source (LMIS), 30 kV, 50 pA ion
beam for making a 1 micron deep trench; monitored by SEM: Carl Zeiss XB1540)
resulting in a ca. 600 nm wide gap or junction. Prior to electrochemical experiments
these junction electrodes were cleaned by rinsing with water and ethanol, drying, 30
minutes heat treated at 500 oC in air, and reequilibration to ambient conditions. Dr.
Suguo Huo and Dr. Paul Warburton are gratefully acknowledged for allowing access
to the EPSRC FIB service at UCL.
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5.2.3. Procedures
Preparation of Colloidal Solution of Fe2O3 Nanoparticles. A colloidal solution of
Fe2O3 was prepared following literature procedures

(26,27)

by dropwise addition (2

drops per second) of 50 mL aqueous solution of 20 mM FeCl3 into 450 mL boiling
distilled water with continuous stirring. After the complete addition the deep orange
colour produced was left to cool naturally to room temperature (~22o C). Then it was
transferred into a dialysis tube system. Aqueous 1 mM HClO4 was used as exchange
solution for 24 hours and this was repeated for three days. The final solution
contained ca. 2 mM Fe(III) in the form of hydrous iron oxide nanoparticles and
exhibit a pH of ca. 3. Addition of 5 mM NaClO4 was used to slightly destabilise the
colloidal solution for layerbylayer film deposition.
Preparation of Fe2O3 Films at FTO Electrodes. The procedure of preparation of
nanoporous Fe2O3 was developed elsewhere (11) and consisted of the following steps:
(1) The FTO (Fluorinedoped tin oxide) slide was cleaned by sonication at 40oC for
15 minutes in, sequentially, detergent (5 vol% decon90), Isopropanol, acetone
and in ethanol.
(2) A clean and dry FTO was immersed into Fe2O3 colloidal solution for 1 minute,
and then rinsed with distilled water and dried using warm air.
(3) The electrode was immersed into a binder solution (40 mM phytate solution for
1 minute followed by rinsing and drying with warm air.
(4)

Steps 1 and 2 were repeated as many times as required to deposit the desired
number of layers

(5)

The film was then calcined at 500o C in air for 2 hours to remove the binder and
to produce a completely inorganic hematite film consisting of 56 nm diameter
nanoparticles

Numerical Simulation Progam and Procdure. Two cases of numerical simulation
are employed to interpret voltammetric data. (i) Results from junction studies are
modelled to give approximate diffusion coefficients for electron mobility in
mesoporous hematite films. (ii) Photocurrent transient for hematite films are
modelled to allow shape analysis. One dimensional diffusion models was coded in
Fortran (using Matlab on a PC). Mathematical details are provided in the text and the
programs are shown in the appendix.
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5.3. Results and Discussion
5.3.1. Formation and Characterisation of NanoHematite Films
Hematite film samples on FTO substrates were prepared using the layerbylayer
method. Samples were obtained with different numbers of layers varying from 10 to
60 layers following a literature procedure (11). After deposition, samples were calcined
at 500 oC in air for 30 minutes. This ensured removal of organic components from the
film and conversion of the colloidal ferric hydroxide to hematite (28).

Consistent with literature reports, nanohematite films on FTO substrates are uniform
and smooth. In order to obtain height information, atomic force microscopy (AFM)
images were obtained for a scratched sample. Figure 5.2 shows a typical film image
with crosssectional information. A scratch was applied to probe the thickness. The
height is typically 40 nm for a 10layer deposit and the thickness varies
approximately linearly with the number of layers applied to the FTO substrate. This
suggests approximately 4 nm thickness increase in each deposition cycle. This is
consistent with a typical particle size of 56 nm after calcination.

Figure 5.2. An AFM image for a scratched 10layer (calcined for 30 minuets at 500oC)
nanohematite film. The height profiles suggest ca. 40 nm thickness for a 10layer
film.
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The brownishyellow coloration of the Fe2O3 film can be clearly observed for 30 and
60layer films. UV/Vis absorbance measurements were carried out. It was found that
the absorbance increases with increasing the number of layers (the thickness). Figure
5.3 shows the absorbance of different samples with different numbers of layers
ranging from 10 to 60 layers. The onset of the absorption occurs at about 550 nm and
towards shorter wavelengths an increase absorbance is recorded. Note that the non
linearity for thicker films originates from the nonLambertBeer conditions for
absorption in dense media.

Figure 5.3. The absorbance of Fe2O3 film electrodes in air as a function of thickness.

5.3.2. Cyclic Voltammetry of NanoHematite Films
Dark Cyclic Voltammetry. Cyclic voltammetry experiments were carried out on the
samples prepared by using the layerbylayer method. Figure 5.4 shows typical cyclic
voltammograms for a 60layer sample at different scan rates immersed in aqueous 1
M NaOH. A specially designed cell was used in the measurements and the solution
exposed area of the Fe2O3 film was welldefined as 0.38 cm2 through a circular quartz
window with 0.7cm diameter.

Figure 5.4A shows that both a reduction and an oxidation of Fe2O3 are observed. The
reduction (see P1) is chemically reversible and it leads to the formation of Fe(II). A
chemical reaction proposed for this process (consistent with literature reports

(29)

) is

shown in equation 5.1.
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+ e

+ H+

Fe(II)Fe(III)O2(OH)

(5.1)

This reaction shown in equation (5.1) is a concerted reaction. The reduction of Fe(III)
leads to Fe(II) surface sites and the charge balance requires the uptake of a cation,
tentatively assigned here to H+. The electron can be assumed to be mobile at the
surface of the mesoporous Fe2O3 film with an apparent diffusion coefficient which
may depend on the concentration of Fe(II) sites. A prewave observed in phosphate
containing electrolyte media is likely to be associated with a surface layer of iron
phosphate.

Figure 5.4. (A) Dark cyclic voltammograms for a 60layer hematite film immersed in
1 M NaOH at different scan rates. (B) Dark cyclic voltammograms for the same
electrode in 1 M phosphate buffer solution pH 11 at different scan rates. (C) Dark
cyclic voltammograms for a 10layer hematite film in 1 M phosphate buffer solution
pH 11 at different scan rates.
105
PhD thesis

Ibrahim Hassan

May 2011

University of Bath

Chapter 5

LBL formation of Photoelectrochemically Active Films of NanoHematite (Fe2O3)

The oxidation of Fe2O3 (see process P2) giving rise to a characteristic chemically
reversible voltammetric response at ca. 0.6 V vs. Ag/AgCl in aqueous 1 M NaOH has
been reported previously in the literature (29). This process is formally associated with
the formation of Fe(IV) sites (see equation 5.2).
+ OH

Fe(III)2O3

Fe(IV)Fe(III)O3(OH) + e

(5.2)

The formation of Fe(IV) can be understood formally as “hole” formation and
transport across the Fe2O3 surface. This oxidation process produces highly reactive
surface states and at slower scan rates of ca. 0.01 V s1 the process becomes
chemically irreversible (see Figure 5.4.A, and B). It is known that the oxidized
hematite surface in contact to aqueous 1 M NaOH solution leads to the slow evolution
of oxygen

(30)

. The first order rate constant for this oxygen evolution process (based

on a very much oversimplified mechanistic model, see below) can therefore be
estimated for dark conditions based on k c =

vF
= 0.4 s1 (for the 60layer film).
RT

For both, reduction and oxidation, the voltammetric current response increases
approximately linearly with scan rate indicating an immobilised redox system.
However, the shape of the voltammetric response is complex and charge transport
phenomena are likely to affect the shape. A similar series of experiments was
conducted in aqueous 1 M NaOH (pH 14) and in 1 M phosphate buffer at pH 11. The
comparison of data in Figure 5.4A and B clearly demonstrates the resulting shift in
the voltammetric responses. For a pH change of ca. 3 units the onset potentials for
both oxidation and reduction shift by ca. 0.2 V consistent with the proposed equation
5.1 and 5.2.

The thickness of the Fe2O3 film electrode affected the magnitude of voltammetric
current responses. In Figure 5.4C it can be seen that for the reduction (process P1) a
10layer film exhibits approximately 6times lower currents compared to a 60layer
film. Therefore voltammetric response is approximately proportional to the film
thickness, which suggests that most of the film is electrochemically active (for
sufficiently thin films). For the oxidation (process P2) the response seems less
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dependent on thickness indicating perhaps a lower apparent diffusion coefficient for
holes.
Illuminated Cyclic Voltammetry. When applying a pulsed light signal to the Fe2O3
film electrodes during cyclic voltammetry, it is possible to explore potential
dependent photoelectrochemical phenomena. Figure 5.5 shows typical voltammetry
traces obtained under pulsed illumination with a blue LED light source (λ = 455 nm).
It was found that the photocurrent onset starts at different potentials depending on the
electrolyte (according to the pH values). In 1 M NaOH (Figure 5.5A) it starts at ca.
0.3 V vs. Ag/AgCl, while by using phosphate buffer pH 11 the photocurrent onset
commenced at ca. 0.1 V vs. Ag/AgCl. This shift is in agreement with the pH
dependent shift observed in dark voltammetry.

Figure 5.5. (A) Illuminated cyclic voltammetry for a 60layer hematite film electrode
SE in 1 M NaOH with a scan rate of 0.1 Vs1. (B) Illuminated cyclic voltammograms
SE in 1 M phosphate buffer pH 11 with a scan rate of 0.1 Vs1. Insets show
photocurrent with expanded current scale.

When cycling the potential over a wide potential window, it was found that the
backward photocurrent response (going from negative to positive potentials) is higher
than that of the forward photocurrent (going from positive to negative potentials) for
the same electrode under the same conditions. This effect might be due to the
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temporary deactivation of the electrode by the initial oxidation (hole formation)
process. Magnified in Figure 5.5 insets, the dominating photoelectrochemical
responses for the potential scan in positive direction are shown. It can be seen that
anodic photocurrents are produced in the presence of light. The overall mechanism
for this process is summerised in equations 5.3 and 5.4.

Fe(III)2O3

+ hv

→

Fe(III)2O3*

(5.3)

Fe(III)2O3* + Fe(III)2O3 + H2O → Fe(II)Fe(III)O2(OH) + Fe(IV)Fe(III)O3(OH) (5.4)
The formation of an “electron” (or Fe(II)Fe(III)O2(OH)) and a “hole” (or
Fe(IV)Fe(III)O3(OH)) leads to two oppositely charge and freely diffusing charge
carriers. These are very likely to undergo recombination and only a small fraction of
electrons are able to diffuse into the FTO substrate electrode. The “hole” states are
likely to diffuse to the surface of the hematite film to undergo slow reaction with the
aqueous solution (see equation 5.5) or recombination.

4 Fe(IV)Fe(III)O3(OH) + 2 H2O →

4 Fe(III)2O3 + 3O2 + 8 H+ + 8 e

(5.5)

The shape and further features associated with the photocurrent transients will be
investigated in more detail below.

5.3.3. Electrochemical Impedance Spectroscopy of NanoHematite Films
Impedance methods can be employed to provide time scale (or frequency domain)
dependent information about reactions and processes. Here, the impedance
measurements were taken for the samples prepared by using the layerbylayer
method. Figure 5.6 shows data for the dark impedance for a 60layer Fe2O3 film
obtained at a range of applied potentials (0.0 to 0.7 V vs. Ag/AgCl) in aqueous 1 M
NaOH.
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Figure 5.6. (A,D) Nyquist plots and (B, C) Bode plots for the effect of different
applied (DC) potentials on the dark impedance for a 60layer Fe2O3 film electrode in
1 M NaOH (potentials in V vs. Ag/AgCl. (D) The effect of illumination on impedance
spectra for a 60layer Fe2O3 film electrode at an applied potential of 0.6 V vs.
Ag/AgCl in 1 M NaOH.

In the intermediate potential range from 0.3 to 0.4 V vs. Ag/AgCl the impedance data
remain relatively simple and consistent with a simple RC element model. The
resistance, R1 ≈ 44 Ohm, is dominated by the electrolyte solution (probably
insignificant) and the FTO film electrode (dominating). The capacitance, C ≈ 3 µF, is
representative of the double layer capacitance for the exposed FTO film electrode.
The resulting time constant R × C = τRC = 0.13 ms is responsible for the major feature
at ca. 5 kHz in the Bode plots.

When changing the applied potential to more negative values a semicircle feature is
beginning to emerge (see Figure 5.6A) consistent with interfacial electron transfer.
Impedance data can be modelled based on the Randles circuit (see Figure 5.6A inset)
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with a “short” Warburg element to represent a thin film of redox active material. In
contrast, when changing the applied potential to more positive values, a decrease in
impedance is observed. The impedance data can be approximately modelled when
assuming the Randles circuit with “open” Warburg element. The physical
significance of this observation is associated with the electron transfer at the film –
electrode interface, formation of Fe(IV), and the water spitting reaction causing
higher or “catalytic” currents. In the presence of light, additional currents cause a
further decrease of the impedance (see Figure 5.6D) consistent with a faster light
energy driven water splitting reaction.

Although very informative, impedance data for this system are difficult to further
quantify in terms of diffusion processes and reaction rates. In order to progress and to
obtain more information about the photoelectrochemical processes at the surface of
the Fe2O3 film, voltamemtry in an ITO junction is employed and then the transient
photocurrent responses are analysed quantitatively.

5.3.4. Junction Voltammetry for NanoHematite Films
Electrochemical junctions

( 31 )

can be employed with bipotentiostatic control to

measure transport phenomena in thin films and deposits. Here, a tindoped indium
oxide (ITO) electrode is employed. A focussed ion beam mill has been used to cut a
thin junction (ca. 600 nm width) into the transparent ITO film (see Figure 5.7).
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Figure 5.7. (A) SEM image of a tindoped indium oxide (ITO) thin film electrode
with a “cut” applied by ion beam milling. The cut in the conducting film is
approximately 600 nm wide (B) and this allows films to be deposited into the gap for
electron diffusion measurements (C).

A film composed of phytate and of Fe2O3 nanoparticles is then deposited into the ITO
junction to provide a potential dependent path for electron and hole diffusion.
Voltammetric data are summarised in Figure 5.8.
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Figure 5.8. Cyclic voltammogram (scan rate 0.01 V s1) for Fe2O3phytate deposited
into a symmetric 600 nm ITO junction electrode, immersed into aqueous 1.0 M
NaOH, scanning the generator potential from 0.0 to 0.8 to +1.1 V vs. Ag/AgCl, and
holding the collector potential at 0.3 V vs. Ag/AgCl. (A) generator current response.
(B) Collector current response. (C) Simulation of generator current. (D) Simulation of
collector current assuming De = 5 × 1015 m2s1.

The generator current response is characteristic for the formation of Fe(II) at potential
negative of 0.2 V vs. Ag/AgCl and the formation of Fe(IV) at potentials positive of
0.6 V vs. Ag/AgCl. The collector responses give clear evidence for the diffusion of
“electrons” across the ITO gap (see Figure 5.8B). However, under all conditions
employed in this study (different scan rates, different electrolyte media) no evidence
for hole diffusion in the positive potential range is observed. The effect of light on the
generatorcollector current response was insignificant.

A finite element diffusion model (one dimensional between generator and collector
with a 600 nm gap) was employed to recreate the electron diffusion effect and data
shown in Figure 5.8C and D show the resulting current transients. From the shape
analysis (and assuming a simple model of only one diffusing species) it can be
concluded that under electrochemical conditions and in the absence of light the
electron diffusion in Fe2O3 nanoparticle films can be very approximately given as De
= 5 × 1015 m2s1. The corresponding hole diffusion coefficient appears to be lower
and not measurable with this gap size.
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5.3.5. Incident Photon to Current Efficiency (IPCE) and Transient Photocurrent
Responses for NanoHematite Films
The photocurrent efficiency of the prepared film electrodes using layerbylayer
deposition was found to be small and the highest efficiency obtained was that for a
60layer Fe2O3 in 1 M NaOH, ca. 4.3% as shown in Figure 5.9A.

Figure 5.9. (A) The efficiency (% IPCE) for a 60layer Fe2O3 film electrode
immersed in 1 M NaOH obtained at 0.1 V vs. Ag/AgCl with illumination through the
SE side. (B) Pulseilluminated cyclic voltammogram for SE in phosphate pH 11 at
0.1 Vs1. (C) Pulseilluminated cyclic voltammogram for SE in 1 M NaOH at 0.1 Vs1.
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Usually, SE illumination results in better efficiency compared to EE illumination.
Thinner deposits show significantly lower IPCE and samples immersed into
phosphate buffer pH 11 also exhibit a lower IPCE. Although the level of conversion
of photon energy into electrical energy is low, it is interesting to further explore the
mechanism and reasons for low efficiency.

The lighton lightoff phototransients shown in Figure 5.9B and C are typical for
Fe2O3 film deposits

(32)

. Peakshaped transients of this type have been attributed to

band bending transients at the semiconductor | liquid interface. Salvador et al.

(33)

developed a general model which applies to flat semiconductor surfaces. Here the
peakshaped transient responses are reexamined in the context of a layerbylayer
deposited mesoporous Fe2O3 film deposit. A very approximate model based on a
finite element simulation approach is employed to explore the effect of relevant
physical parameters in the appearance of the peak transients.

Theory. The finite difference simulation model is based on a very approximate
description of the processes and concentration gradients in the mesoporous Fe2O3
film. The formation of electrons and holes after absorption of light (with intensity I0 =
103 mol photons s1 and absorption coefficient α = 1) is assumed and both electrons
and holes are treated as a freely diffusing “particle” with a concentration and a well
defined diffusion coefficients De and Dh. A first order chemical reaction of holes to
give oxygen at the solid | liquid interface is introduced with a rate constant kc
(assumed to be light intensity independent). The recombination of holes and electrons
is described by a second order reaction with rate constant krec which is dominated by
pseudo first order behaviour in the presence of excess electrons. Expressions 5.6 and
5.7 allow the spatial and temporal behaviour of electrons and holes to be investigated.

∂ne
∂ 2 ne
− k rec × ne × nh + αI 0 e −αx
= De
2
∂t
∂x

(5.6)

∂n h
∂ 2 nh
= Dh
− k rec × ne × n h − k c × nh + αI 0 e −αx
2
∂t
∂x

(5.7)
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In these equations ne and nh denote the concentration of electrons and holes,
respectively, and x is the space variable. The current for electrons and holes is
evaluated separately and assumed to be additive (recombination may occur in the
electrode) to give a final current response (see equation 5.8) which reflects the
combined mobility and reactivity of both electrons and holes.

I total (t) = FDh A

∂n
∂n h
− FDe A e
∂x
∂x

(5.8)

First the effect of the diffusion coefficients is highlighted in the absence of hole
reactivity (kc = 0 s1). Transient photoresponses are calculated for the case of one
second light pulses and for SE illumination.
For calculations the light intensity I0 = 103 mol photons s1 and the absorption
coefficient α = 1 are assumed. The calculations are performed for a relatively “thick”
400 nm film (corresponding to ca. 100 layers) in order to provide information about
different reaction zones in the mesoporous film. The rate for recombination krec = 1
mol1 dm3 is assumed (vide infra). The diffusion coefficient for electrons has been
determined approximately with the junction voltammetry experiment (vide supra) and
is therefore fixed at De = 5 × 1015 m2s1.
The effect of varying the diffusion coefficient for holes (over three lighton lightoff
cycles) is shown in Figure 5.10B. It can be seen that the difference in diffusion
coefficients De and Dh has a significant effect on the magnitude of the current
transient during lighton and lightoff experiments. Interestingly, the shape of
transients (the decay rate) is not due to a simple diffusion process of one charge
carrier, but rather it is due to the coupled diffusion of electrons and holes and the
formation of a diffusion/reaction zone in the hematite film (see zone 2). However, the
net effect can be interpreted in terms of the mobility of electrons. It can be seen that
the active film is reaching ca. 160 nm after 0.9 s lighton time (see Figure 5.10C).
Both lighton and lightoff transients decay to zero current due to the absence of
oxygen evolution.
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Figure 5.10. (A) Experimental photocurrent transient from Figure 5.9. (B)
Simulation photocurrent for Dh = (i) 4 × 1015 m2s1, (ii) 2 × 1015 m2s1, and (iii) 0.5
× 1015 m2s1 (De = 5 × 1015 m2s1). (C) Concentration profile in the Fe2O3 film at 0.1
s and at 0.9 s time. (D) Simulation photocurrents for Dh = 2 × 1015 m2s1, De = 5 ×
1015 m2s1, and kc = (i) 0 s1, (ii) 0.4 s1, and (iii) 4 s1.
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When the oxygen evolution process is taken into account (see Figure 5.10D and E) an
additional current component is observed. In cyclic voltammetry experiments in the
dark the rate constant k = 0.4 s1 (assumed first order rate constant for oxygen
evolution, vide supra) was estimated and when applied in the numerical simulation
reasonable transient shapes in comparison with the experimental data are generated.
The additional anodic current increases with every light pulse due to the build up of
electrons in the bulk film (see zone 3). A further increase of the rate constant for
oxygen evolution increases the anodic current response but this produces calculated
transient which disagree with the experimental results (see Figure 5.10Diii).

From this qualitative simulation experiment, characteristic photocurrent transients
are obtained and, more importantly, the concentration gradients for electrons and
holes within the photoactive film can be plotted and studied. The following key
conclusions can be drawn:

•

The diffusion coefficients De and Dh need to be different in order to give
transient photocurrent responses. The diffusion coefficient for holes Dh needs
to be smaller compared to the diffusion coefficient for electrons De to result in
anodic lighton photocurrent transients. Both of these observations agree with
experimental results in junction experiments.

•

The photocurrent decay follows closely that expect for a Cottrell decay but
the apparent diffusion coefficient extracted from the Cottrell plot is different
to those selected for De and Dh due to the effects of two coupled diffusion
layers.

•

The concentration profiles can be dissected into three regions indicated as
zone 1, zone 2, and zone 3. Zone 3 is the electrochemically inactive part of the
film which can be termed “recombination layer”. In this zone holes and
electrons are continuously generated and recombined. The resulting
concentration of holes or electrons is ne = nh =

I 0α
= 3.16 ×10 −5 mol m −3 .
k rec

Zone1 with an extent of ca. 50 nm can be assigned as “reaction zone” where
photogenerated holes and electrons are directly consumed by the electrode.
The thickness of the reaction zone 1 is governed by the competition of
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diffusion, photogeneration, and recombination and can be estimated based on
the reaction layer thickness δ zone1 =

De
≈ 13nm . Zone 2 reflects the
k rec × ne

diffusion process and the corresponding thickness is obtained for example at
0.1 s as δ zone2 = 6De t = 55 nm or at 0.9 s as δ zone2 = 6De t = 164 nm
consistent with the numerical simulation data.
•

Due to the very thin reaction zone 1 the finite element simulation needs to be
conducted with a box size of typically 109 m to give reliable current data.

•

The effect of the chemical rate constant kc is to cause a buildup of electrons
in the film and this then causes an overall rising current transient. The rate
constant where the switch from falling to rising current transient occurs is
approximately k c ≈

1

τ

where τ is the time of the pulse. In the example above

the pulse time is 1 s and the switch occurs at kc ≈ 1 s1.
•

The presence of anodic and cathodic photocurrent transients can be explained
based on this model when the effect of applied potential (not considered in the
simple simulation model) is taken into consideration. At potentials negative of
ca. 0.0 V vs. Ag/AgCl (see Figure 5.9) in particular when first accumulating
Fe(IV) in the more positive potential range, lighton transient appear to result
in cathodic current responses as expected when the flow of electron into the
substrate electrode is slowed down. This phenomenon will require further
study.

Overall, the simulation model does provide a successful qualitative model for
electrochemical and photoelectrochemical processes in the mesoporous Fe2O3 film
deposits. The resulting water splitting processes are of low efficiency but the model
clearly suggests that (i) the low rate kc and (ii) fast recombination are responsible for
this observation. The model also predicts a distinct reaction zone (zone 2) where
oxygen evolution is most effective. These findings will be of interest in future water
splitting device development.
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5.4. Conclusions
It has been shown that welldefined mesoporous hematite films are formed in a layer
bylayer deposition process. Films of this type allow thickness variation and the
development of a new reaction model based not on a bulk semiconductor, but on a
quasihomogeneous porous material where electrons and holes can freely diffuse,
recombine, or react. A simplistic numerical simulation tool has been developed and
tested successfully providing new insights into reaction and diffusion zones at the
hematite | aqueous electrolyte interface. In future, this model needs to be refined
further and applied to a wider range of experimental data.

5.5. Appendix
The numerical simulation model is based on a one dimensional diffusion process
(finite) and employing the finite difference method

(34)

to describe diffusion, light

absorption, recombination, and chemical reaction. The corresponding differential
equations for electrons and holes are given in 5.9 and 5.10, respectively.

∂ne
∂ 2 ne n h
= De
−
+ αI 0 e −αx
2
∂t
τ
∂x
rec

(5.9)

∂n h
∂ 2 nh nh nh
= Dh
−
−
+ αI 0 e −αx
∂t
∂x 2 τ rec τ c

(5.10)

The current for electrons and holes is evaluated separated and assumed to be additive
to give a final current response (see equation 5.11) reflecting the mobility and
reactivity of both electrons and holes.

I total (t ) = FDh A

∂n h
∂n
− FDe A e
∂x
∂x

(5.11)

Discretization of the diffusion equations and expression for the current result in
equation 5.12 and 5.13.
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c( x, t + Δt ) = c( x, t ) +

I (t ) = nFDA

DΔt
[c( x + Δx, t ) − 2c( x, t ) + c( x − Δx, t )]
Δx 2

c(Δx, t ) − c(0, t )
Δx

(5.12)

(5.13)

The Fortran code (executed in Matlab on a PC) is given below.

% EE lighton lightoff Cottrell transient in absorption  recombination films 2010 %%%%%%%
clear;
L = 600e9;
nbox = 600;
dt = 0.5e6;
time = 1;
ntime = time/dt;
npoints = 1000;
nskip = round(ntime/npoints);
dx = L/nbox;
De = 5e15;
Dh = 2e15;
lambdae = De*dt/dx/dx;
lambdah = Dh*dt/dx/dx;
alpha = 1;
J = 1e3;
k = 1e6;
kc = 0.4;
F = 96487;
A = 1e4;
current(1:npoints,1:3) = 0;
counter = 0;
for jx=1:nbox
ce(jx) = 0;
ceo(jx) = 0;
ch(jx) = 0;
cho(jx) = 0;
ce1(jx) = 0;
ch1(jx) = 0;
end
% Light on transient %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
for jt=1:ntime
ceo = ce;
cho = ch;
if jt == 200000
ce1 = ce;
ch1 = ch;
end
if jt == 1800000
ce9 = ce;
ch9 = ch;
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end
ce(1) = 0;
ch(1) = 0;
for jx=2:nbox1
ce(jx) = ceo(jx) + lambdae*(ceo(jx+1)2*ceo(jx)+ ceo(jx1)) + dt*J*alpha*exp(alpha*jx*dx) 
dt*k*ceo(jx)*cho(jx);
ch(jx) = cho(jx) + lambdah*(cho(jx+1)2*cho(jx)+ cho(jx1)) + dt*J*alpha*exp(alpha*jx*dx)
 dt*k*ceo(jx)*cho(jx)  dt*kc*cho(jx);
end
ce(nbox) = ceo(nbox) + lambdae*(ceo(nbox1) ceo(nbox)) + dt*J*alpha*exp(alpha*nbox*dx) 
dt*k*ceo(nbox)*cho(nbox);
ch(nbox) = cho(nbox) + lambdah*(cho(nbox1) cho(nbox)) + dt*J*alpha*exp(alpha*nbox*dx) 
dt*k*ceo(nbox)*cho(nbox)  dt*kc*cho(nbox);
if rem(jt,nskip) == 0
counter = counter + 1;
current(counter,1) = jt*dt;
current(counter,2) = F*A*De*(ce(2)ce(1))/dx;
current(counter,3) = F*A*Dh*(ch(2)ch(1))/dx;
end
end
% Light off transient %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
for jt=ntime:2*ntime
ceo = ce;
cho = ch;
ce(1) = 0;
ch(1) = 0;
for jx=2:nbox1
ce(jx) = ceo(jx) + lambdae*(ceo(jx+1)2*ceo(jx)+ ceo(jx1))  dt*k*ceo(jx)*cho(jx);
ch(jx) = cho(jx) + lambdah*(cho(jx+1)2*cho(jx)+ cho(jx1))  dt*k*ceo(jx)*cho(jx) 
dt*kc*cho(jx);
end
ce(nbox) = ceo(nbox) + lambdae*(ceo(nbox1) ceo(nbox))  dt*k*ceo(nbox)*cho(nbox);
ch(nbox) = cho(nbox) + lambdah*(cho(nbox1) cho(nbox))  dt*k*ceo(nbox)*cho(nbox) 
dt*kc*cho(nbox);
if rem(jt,nskip) == 0
counter = counter + 1;
current(counter,1) = jt*dt;
current(counter,2) = F*A*De*(ce(2)ce(1))/dx;
current(counter,3) = F*A*Dh*(ch(2)ch(1))/dx;
end
end
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Chapter 6

Chemical Vapour Deposition Formation of
Porous Films of Photoelectrochemically
Active NanoHematite Fe2O3

Abstract. In this chapter hematite films are formed in a chemical vapour deposition
(CVD) growth process from a ferrocene precursor. Films are formed in variable
thickness on FTO (fluorinedoped tin oxide) and ITO (tindoped indium oxide)
substrates. Photoelectrochemical experiments are conducted and the effect of
thickness and illumination direction discussed in the context of a water splitting
process in a mesoporous Fe2O3 film. In contrast to the thin mesoporous films
investigated in the previous chapter, here thicker and denser films are studied. The
photocatalytic efficiency is improved by a factor of 4 due to higher density and
potential gradient effects.
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6.1. Introduction
There are many ways of preparing photoactive films of iron oxide and in particular
Chemical Vapour Deposition (CVD) methods have attracted attention as cheap and
reliable techniques

(1)

. Iron oxide thin films have been prepared, for example, by

using the MetalOrganic Chemical Vapour Deposition (MOCVD) method at
temperature of typically ca. 400600 oC and with the precursor iron acetylacetonate
Fe(acac)3 (2). Nitrogen gas has been used as the carrier gas while oxygen has been
introduced as an oxidant for oxide formation and redox state adjustment. At 400 oC
βFe2O3 was deposited even without flowing O2. Whereas at 500 and 600 oC spinel–
type Fe3O4+x was formed as a single phase for a low rate of O2 flowing. By increasing
the O2 flow rate a mixture of βFe2O3 and Fe3O4+x were formed, and finally with
further increasing the O2 flow rate βFe2O3 was formed as a single phase. In this way
compositional control could be achieved by varying the reagents. Other parameters
for the compositional control are temperature and substrate material or morphology.
In a similar study, the gas phase decomposition of the iron complex [Fe(OtBu)3]2 was
used to prepare αFe2O3 and Fe3O4 (3). Films were formed homogeneously and with a
nanometer thickness range. The iron oxide phase and its morphology were controlled
by varying the temperature of the substrate. The influence of microstructure and
phase on the optical properties has been studied for both αFe2O3 and Fe3O4. Mathur
et al.

(3)

found that the substrate affects the crystallisation process. For example,

Fe3O4 was obtained at 450 oC on a copper substrate while it needed a higher
temperature of 600 oC on quartz. In contrast, the pure hematite phase was found to
deposit on quartz in a temperature range of 450475 oC. At 500 oC a mix of hematite
(needle shaped) and magnetite (faceted grains) were found on the quartz substrate.
Therefore substrate effects can be essential in controlling the type and crystallinity of
the growing oxide phase.

The effect of the precursor material on iron oxide formation has been investigated. A
comparison of nanostructured αFe2O3 produced from iron pentacarbonyl and from
ferrocene as vapour precursors has been reported based on Atmospheric Pressure
Chemical Vapour Deposition (APCVD) (4). Ferrocene was found to be a much better
127
PhD thesis

Ibrahim Hassan

May 2011

University of Bath

Chapter 6

Chemical Vapour Deposition Formation of Porous Films of Fe2O3

precursor for the preparation of αFe2O3 with products showing improved optical
absorption and two orders of magnitude higher photocurrent densities (0.54 mA cm2
at 1.23 VRHE). Further benefits of ferrocene are lower costs, less toxicity, and safer
handling.

Undoped nanostructured αFe2O3 films have been prepared by aerosolassisted
chemical vapour deposition (AACVD)

( 5 )

using the iron cluster precursor

[Fe6(PhCOO)10(acac)2(O)2(OH)2]3C7H8 (where PhCOO = benzoate and acac = acetyl
acetonate). XRD, XPS and Raman spectroscopy showed that iron oxide films in the
prepared films formed highly crystalline αFe2O3 without contamination from other
phases of iron oxide. Scanning Electron Microscopy (SEM) showed that αFe2O3 had
a needlelike shape with length ~ 100160 nm and diameter 3050nm. The band gap
was found to be 2.13eV and the flat band potential ~0.86V vs. Ag/AgCl reference
electrode. The photocurrent density was optimised to 0.6 mA cm2 at 1.23 V vs. RHE.
Qiao et al.(6) compared substrate effects on iron oxide growth for flourinedoped tin
oxide (FTO) and tindoped indium oxide (ITO) as substrates for a photoactive layer
of P3OT/TiO2. They found that FTO is performing better than ITO in this solar cell
application. P3OTTiO2/FTO gave an open circuit voltage (VOC = 0.65 V) and short
circuit current density (JSC=100 µA/cm2) which was 0.15 V and 20 µA cm2 higher
than those for P3OTTiO2/ITO. A further comparative study between FTO and ITO
as transparent substrates prepared by a spray pyrolysis method has been reported

(7)

.

At 400o C deposition temperature, both of FTO and ITO showed a single phase. FTO
was found to be tetragonal structure. ITO shows a cubic structure with a preferred
orientation (4 0 0). The particle size for FTO was found to be ca. 190 nm, while that
for ITO was found to be ca. 257 nm. In the visible light region, the typical
transmittance is lower for FTO than for ITO substrates. Reflectance in the infrared
was found to be lower in FTO than in ITO. From electrical measurements, it was
found that the best electrical resistivity values are 8 x 104 �cm and 6 x 104 �cm for
ITO (6% Sn) and FTO(2.5 % F), respectively.

Spray pyrolyzed antimonydoped tin oxide (ATO), FTO, and ITO films have been
prepared by Bitht et al. at 500550oC

(8)

. Optical and electrical properties have been

investigated. It was found that the resistivity of ITO decreases with increasing the
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film thickness down to 3 x 104 �cm (thickness = 300 nm). The thicker ITO samples
(thickness >300 nm) showed optical transmission 80% in the visible light and 96%
reflection in the near IR region. FTO films (thickness >350nm) showed higher
resistivity of ~5 x 103 �cm. Bitht et al. concluded that ITO films, especially after an
optimized reduction treatment under forming gas, showed the best properties in terms
of the lowest electrical resistivity and the highest optical transmission for applications
in solar and water splitting cells.

In the present work, iron oxide films are prepared by the Atmospheric Pressure
Chemical Vapour Deposition (APCVD) method employing a ferrocene precursor.
Iron oxide films are deposited onto two different substrates: Flourinedoped Tin
Oxide (FTO) and Tindoped Indium Oxide (ITO). Varying deposition times have
been applied (1035 minutes) to produce films as a function of thickness and to
systematically study the photoactivity of Fe2O3 on those two substrates as a function
of thickness. The photocurrent data and transients are compared to data obtained
with layerbylayer Fe2O3 nanoparticle films. The effect of going from a mesoporous
iron oxide to a more dense iron oxide in photoelectrochemical oxygen evolution is
discussed.

6.2. Experimental
6.2.1. Chemical Reagents
Ferrocene Fe(C5H5)2 was used as precursor in Chemical vapour deposition method.
Nitrogen gas has been used as carrier gas. FTO and ITO electrodes are sourced from
Asahi. Oxygen gas has been used as an oxidised gas.

6.2.2. Instrumentation
An Electro Gas Systems Ltd apparatus has been used to prepare the samples with
CVD method. Sonicator has been used for cleaning the ITO and FTO samples. SEM,
XRD CV, IPCE, Impedance, techniques are applied here as it was described in
chapter 3.
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6.2.3. Chemical Vapor Deposition Experimental Procedure
Chemical vapour deposition runs were carried out using an Electro Gas Systems Ltd
apparatus in reduced pressure thermal chemical vapour deposition configuration. The
precursor was volatilised in a heated precursor tube at 120 ºC and delivered to the
quartz reactor chamber in a stream of N2 carrier gas (at a rate of 100 ml/min) through
heated stainless steel tubing maintained at 120 ºC. The substrate was supported on a
graphite wedge heated to 450 ºC through the reactor chamber wall by an external
halogen lamp. The precursor stream (100 ml/min) was mixed with the O2 oxidant
stream (100 ml/min) at the entrance to the reactor chamber. The precursor and
oxidant were transported to the heated substrate and the volatile decomposition
products removed from the chamber at a rate of 500 ml/min by means of the main N2
carrier gas stream. The apparatus was maintained at a pressure of 150 Torr by an
Edwards XDS5 dry vacuum pump for the duration of the deposition run.

In the present work, many films of iron oxide (Fe2O3) have been prepared by
atmospheric pressure chemical vapour deposition (APCVD) on two substrate;
Florinedoped Tin Oxide (FTO) and Indiumdoped Tin Oxide (ITO). The main
purpose of that was to make a comparison between the effect of FTO and ITO on the
photoactivity of Fe2O3. Higher deposition times have been chosen (1035 minutes)
because most of iron oxide films prepared by CVD method have been deposited at
shorter deposition times.
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6.3. Results and Discussion
6.3.1. Film Deposition, Structure, Morphology, and Optical Properties
Films of iron oxide from CVD deposition from ferrocene precursor appear uniformly
brown and dense. A summary of the types of films investigated here (different
thicknesses and two different substrates) is given in Table 6.1. The average thickness
of these films is estimated based on crosssectional SEM images (see Figure 6.1.) and
consistent with a growth of typically 30 nm per minute.

Table 6.1. Summary of Fe2O3 samples prepared by the CVD method from ferrocene
precursors at 450oC and varying the deposition times
Sample
Substrate
Deposition time
Approximate
/ minutes
number
type
thickness / nm
FTO10
FTO
10
300
FTO15

FTO

15

450

FTO20

FTO

20

600

FTO25

FTO

25

750

FTO30

FTO

30

900

FTO35

FTO

35

1050

ITO10

ITO

10

300

ITO15

ITO

15

450

ITO20

ITO

20

600

ITO25

ITO

25

750

ITO30

ITO

30

900

ITO35

ITO

35

1050
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Figure 6.1. Crosssectional SEM images for (A) sample FTO25 and (B) sample
ITO25.

During crosssectional SEM imaging also an EDX profile for the films was obtained.
Figure 6.2. shows that a film of typically 1 µm is formed at the glass surface (for
sample FTO35) as expected for the estimated film thickness. Crosssectional EDX
data for Fe and Si are consistent with the film structure.

Figure 6.2. (A) SEM crosssectional image for sample FTO35. (B) EDX scan across
the sample cross section with Fe counts. (C) EDX scan with Si counts, which
contained in the conducting glass.
132
PhD thesis

Ibrahim Hassan

May 2011

University of Bath

Chapter 6

Chemical Vapour Deposition Formation of Porous Films of Fe2O3

Next, XRD measurements were carried out. Evidence for hematite formation was
obtained in particular for the thicker film samples. Figures 6.3. and 6.4. summarise
the XRD data. Samples grown by the CVD method on FTO substrates are dominated
by Fe2O3 (110) orientation (peaks at 27, 38, and 52 degree are FTO substrate peaks).
With increasing deposition time peaks for (104) (012) and (116) also emerge. It is
likely that the initially dominating (110) peak is due to a preferential growth direction
caused by the underlying FTO substrate.

Figure 6.3. XRD data for Fe2O3 thin film samples on FTO substrate (A = FTO10, B =
FTO15, C = FTO20, D = FTO25, E = FTO30, F = FTO35, G = literature reference by Shin et
al. (9).

Figure 6.4. XRD data for Fe2O3 thin film samples on ITO substrate (A = ITO10, B = ITO15,
C = ITO20, D = ITO25, E = ITO30, F = ITO35, G = literature reference by Shin et al. (9).
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In case of Fe2O3 films deposited on ITO (see Figure 6.4.) it was found that the
orientation is mainly dominated by the (104) diffraction peak. This peak increases
strongly with deposition time and (012) (110) (116) peaks appear only for films of
approximately 1 µm thickness (see ITO35). The change in crystal orientation is a
clear substrate effect.

B FWHH (2θ ) =

Kλ
L cos θ

(6.1)

In order to obtain an estimate for the average crystallite size in CVD films of
hematite, the Scherrer method (10,11) has been used. The Scherrer constant is assumed
here approximately K = 0.9, and the wavelength of radiation is λ(CuKα) = 1.5406 Å.
With a typical width at half height of BFWHH = 0.4 degrees (for the (104) line in
Figure 6.4.) the estimated grain or crystallite size (L) is approximately 0.4 nm, which
is very small. This value is an estimate, and the real value for grain size may be
somewhat higher due to instrumentation effects in the measurement of the peak
broadening. For the film deposit on ITO (see Figure 6.3.) and based on the (110)
diffraction peak essentially the same value is obtained. SEM images suggest that
these films of hematite are dense, but voltammetry data suggest that some aqueous
electrolyte can penetrate through these films to the substrate electrode (vide infra)
and therefore some porosity has to be assumed.

Fe2O3 film samples either those deposited on FTO or those deposited on ITO showed
high light absorption ability and UV/Vis spectra were obtained. Figure 6.5. shows
absorbance data for films of typically 300 nm, 450 nm, and 600 nm thickness. The
onset point for the absorbance is at ca. 580 nm which is consistent with the photon
energy of 2.15 eV. The band gap energy for hematite films deposits is frequently
reported as ca. 2.15 eV (12) (for the direct transition) in excellent agreement with this
measurement. Nonlinearity and nonideality in the absorbance data preclude further
in depth analysis.
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Figure 6.5. (A) UV/Vis absorbance spectra for dry CVD Fe2O3 film electrodes (samples
FTO10, FTO 15, and FTO 20) on FTO as a function of film thickness. (B) UV/Vis
absorbance spectra for dry CVD Fe2O3 film electrodes (samples ITO10, ITO 15, and ITO 20)
on ITO as a function of film thickness.

In the following section the electrochemical properties of the CVD hematite films
will be investigated under dark and illuminated conditions. The effect of the substrate
electrode will be investigated and a comparison to the much thinner layerbylayer
film electrodes will be made.

6.3.2. Dark and PulseIlluminated Cyclic Voltammetry for CVD Deposited
Hematite Film Electrodes: Experiment

Processes at ITO Substrates. Voltammetric data for CVD hematite films were
obtained in aqueous 1.0 M NaOH. Features very similar to those observed for layer
bylayer Fe2O3 films are observed, although the higher density of CVD films causes
characteristic changes. Figure 6.6 shows typical cyclic voltammograms for samples
ITO15, ITO20, and ITO25. In the negative potential range a cathodic process
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consistent with the reduction of Fe(III) is observed. The process is denoted P1 and
tentatively assigned here to the formation of a surface Fe(II) (see equation 6.2).

Fe(III)2O3

+ e

+ H+

Fe(II)Fe(III)O2(OH)

(6.2)

When scanning the potential into a more positive potential range an oxidation is
observed. This oxidation denoted P2 occurs at ca. 0.7 V vs. Ag/AgCl and the
presence of a backreduction peak is highly likely to indicate the dark formation of
Fe(IV) (see equation 6.3).

Fe(III)2O3

+ OH

Fe(IV)Fe(III)O3(OH) + e

(6.3)

When compared to typical cyclic voltammograms for layerbylayer hematite (see
chapter 5), the shape of reversible processes appears to have become more
complicated presumably due to smaller pores and “membrane effects” in small pores
where potential gradients can appear causing migration and more drawn out
voltammetric responses.

Figure 6.6. Cyclic voltammograms (scan rate 0.1 V s1) in aqueous 1.0 M NaOH. Effect of
deposition time (thickness) on the dark cyclic voltammograme for Fe2O3 film samples (i)
ITO15, (ii) ITO20, and (iii) ITO25 on ITO substrates.
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Further inspection of the cyclic voltammetry data suggests that the thicker films of
hematite are resulting in slightly more longlived Fe(IV) surface states. The transition
scan rate (compare chapter 5) of 0.1 Vs1 is observed here and this suggests an
apparent chemical rate constant for oxygen evolution of k c =

vF
= 4 s1 (for CVD
RT

hematite films in 1.0 M NaOH), which is faster when compared to data from films
prepared by the layerbylayer methodology. The magnitude of this apparent rate
constant may be affected by the porosity and pore size in the CVD film. Importantly,
the fact that these voltammetric responses are observed at all suggests that aqueous
electrolyte is able to penetrate into the porous CVD hematite films and to directly
contact the substrate surface where the interfacial electron transfer for this oxidation
process occurs. The extent of the contact between aqueous phase and substrate may
depend on the CVD film thickness.

Next, the CVD deposited films of hematite on ITO substrates are investigated in the
presence of pulsed illumination. A flashing blue LED light with 8 mWcm2 was used
to measure the photocurrents of the iron oxide samples as a function of thickness and
illumination direction. Experiments were conducted with a scan rate 0.01 Vs1 and
with 4 second onpulses and 2 second offpulses.

Voltammetry data in Figure 6.7A shows photocurrent responses for samples ITO15,
ITO20, and ITO25 under SE illumination (substrate exposure). The anodic
photocurrent responses seem to decrease with increasing deposition time (film
thickness). An additional cathodic photocurrent is seen to increase with thickness in
the negative potential range. The cathodic photocurrent for these samples is likely to
be associated with Fe(II) formation and photocorrosion and therefore not discussed
in any detail. However, the anodic photocurrent is associated with the formation of
Fe(IV) and subsequently the formation of oxygen, which is important in the water
splitting process. The decrease in photocurrent for thicker hematite films is likely to
be due to absorption of light in a zone of the film with poor electrolyte contact and
therefore limited oxygen evolution reactivity.
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Figure 6.7. (A) Effect of deposition time (thickness) on the pulseilluminated (SE)
cyclic voltammogram (scan rate 10 mVs1) for Fe2O3 samples ITO15, ITO20, and
ITO25 immersed in 1M NaOH using a blue LED with 8 mWcm2. SE. (B) Data for
the same experiment for (EE) illumination. (C) Comparison between the forward
photocurrent response of sample ITO35 for illumination through SE and EE sides
using a blue LED with 8mWcm2.
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In contrast to the SE case, in the case of illumination through the electrolyte (EE),
initially an increase and then a decrease for thicker films is observed (see Figure
6.7B). Good photocurrent generation is observed for sample ITO20 with an
approximate thickness of 600 nm. This behaviour can be rationalised by considering
(i) the diffusion of charge carriers through the film and (ii) the recombinative losses
for thicker films. The optimum film thickness of ca. 600 nm (sample ITO20) reflects
the ability of electrons to diffuse across the film and the competing loss during
recombination. This will be considered in more detail below in an overall reaction
model. In a comparison of data for SE and EE illumination (see Figure 6.7C) it can
be seen that EE illumination is more effective even for a very thick film (sample
ITO35). This can be explained as in case of EE (ElectrolyteElectrode) illumination,
the majority of holes are produced from the first front layers of Fe2O3 which can
readily diffuse to the hematite/electrolyte interface where the oxidation of water
occurs which is resulting in a relatively high anodic photocurrent (see in Figure
6.7.C). In case of SE (SubstrateElectrode) illumination, the majority of holes are
produced on the Fe2O3 layers which are adjacent to the substrate. Hole diffusion is
ineffective and the intensity reaching the Fe2O3electrolyte interface is lower.
Therefore, SE photocurrents are lower.

Processes at FTO Substrates. Figure 6.8 shows typical voltammetric responses for
the CVDhematite films deposited onto FTO substrates and immersed into 1 M
NaOH. In Figure 6.8A the effect of thickness on cyclic voltammetry responses for
samples FTO15, FTO20, and FTO30 is shown. Both the cathodic process P1 and the
anodic process P2 are observed and a distinct peak feature at ca. 0.5 V suggests some
reversibility (corresponding to a significant lifetime of Fe(IV) states in these samples).
Figure 6.8B demonstrates the effect of scan rate on the degree of reversibility and the
magnitude of the peak feature. Even at a lower scan rate of 0.01 Vs1 is the peak for
the reduction of Fe(IV) (process 2) observed. The more defined peak responses
observed on FTO samples as compared to ITO samples suggest a more open pore
structure probably due to a different crystal orientation (see XRD data above).
Comparison of the dark cyclic voltammetry data for ITO substrates (see Figure 6.6)
and for FTO substrates (see Figure 6.8) suggests that only small changes due to the
substrate material occur. The lifetime of Fe(IV) states could be slightly longer for
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FTO samples and this may be related to the crystal orientation and pore structure of
the hematite (see XRD data). However, difference between ITO and FTO substrates
are probably insignificant in the overall behaviour of these films.

Figure 6.8. (A) Effect of deposition time (thickness) on the dark cyclic
voltammograms (scan rate 0.1 Vs1) for Fe2O3 samples FTO10, FTO15, and FTO30
prepared by the CVD method. (B) Effect of scan rate on the dark cyclic
voltammogram for Fe2O3 (FTO10 sample) in 1M NaOH.
Data recorded for the FTO substrate electrodes with hematite thin film deposits
confirm trends observed for ITO substrates. Figure 6.9A shows pulseilluminated
cyclic voltammograms measured by exposing the samples to a flashing blue LED
(455 nm) with a power 8 mWcm2. For thin films the photocurrent response for iron
oxide is significant but it decreases with increasing the deposition time (or film
thickness).
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Figure 6.9. (A) Effect of deposition time (thickness) on the pulseilluminated (SE)
cyclic voltammogram (scan rate 0.1 Vs1) for Fe2O3 samples FTO10, FTO20, and
FTO30 immersed in 1 M NaOH using a blue LED with 8 mWcm2. (B)
Voltammograms (scan rate 10 mVs1) for forward and backward photocurrents (SE)
for Fe2O3 FTO10 immersed in 1 M NaOH using blue LED with 8 mWcm2. (C)
Comparison of the forward photocurrent voltammetric responses (scan rate 10 mVs1)
for sample FTO30 with illumination through (SE) and (EE) sides using a blue LED
with 8 mW cm2.
Measurements for the forward and backward scan direction are shown in Figure 6.9B.
It can be seen that no significant effects due to the scan direction are observed. The
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comparison of substrate exposure (SE) and electrolyte exposure (EE) for a thick
FTO30 sample is shown in Figure 6.9C. The onset of photocurrents appears very
positive and additional cathodic photocurrents may be attributed to the photo
conductivity effect. Excess Fe(IV) states produced at positive potential and under
illumination can reach the electrode more quickly under illumination and this causes
apparent cathodic peaks which are however, likely to be associated with the
conversion of Fe(IV) back to Fe(III). The photocurrents for the EE illumination are
significantly better in good agreement with findings for the ITO substrate samples.

Comparison of Processes at ITO and FTO Substrates. A comparison between the
forward photocurrents for Fe2O3 samples deposited on ITO and on FTO are shown in
Figure 6.10A and B. With SE illumination and for thin samples ITO15 and FTO15
significant photocurrents are observed with onset potentials of ca. 0.0 and 0.2 V vs.
Ag/AgCl, respectively. This difference in onset potential appears to be significant
and linked to film structure. The earlier onset for photooxidation of water on ITO
suggests that the more porous FTO film under these conditions is less effective. One
major effect of the porosity is the change in the potential gradients within the
semiconductor film. A dense film of low porosity is likely to behave more like a “true
semiconductor” film whereas a highly porous film will behave more like the layer
bylayer film samples discussed in chapter 5. The presence of aqueous electrolyte in
bigger pores eliminates potential gradients within the semiconductor material and
allows charge hopping conduction on the hematite surface. In contrast, in a bulk
semiconductor potentialdriven electron transport with higher speed (with less
trapping states in the bulk) could improve efficiency. It is possible that for the films
with approximately 750 nm thickness (see Figure 6.10A) this film structure effect is
dominating the behaviour. In addition to the earlier onset of the anodic photocurrent
there is also an increase in cathodic photocurrent.
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Figure 6.10. (A) Comparison between the forward photocurrent responses for Fe2O3
samples FTO15 and ITO15 with SE illumination using a blue LED 8 mWcm2
immersed in 1 M NaOH and with a scan rate 0.01 Vs1.(B) Comparison between the
forward photocurrent responses for Fe2O3 samples FTO25 and ITO25 with SE
illumination and a scan rate 0.01 Vs1. (C) Comparison of the %IPCE for Fe2O3
samples FTO30 and ITO30 immersed in 1 M NaOH at applied potential 0.8V vs.
Ag/AgCl EE illuminated with a xenon lamp.

In spite of the differences in onset potential and the improved photocurrent
production at lower potential, both FTO and ITO samples show good photocurrent
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generation at ca. 0.8 V vs. Ag/AgCl. Figure 6.10C shows typical IPCE data sets
obtained for FTO30 and ITO30 samples. For both materials typically 14% to 16%
incident photon to current conversion occurs suggesting that under these conditions
both films (both substrates) behave very similar.

In order to unravel the effects of sample thickness and sample porosity in some more
detail, the finite element simulation method is applied in the next section. In
particular the effect of EE versus SE illumination will be investigated.

6.3.3. Dark and PulseIlluminated Cyclic Voltammetry for CVD Deposited
Hematite Film Electrodes: Finite Element Simulation
In this section the finite element simulation method introduced in chapter 5 will be
used to uncover and rationalise further details of the photooxidation process at CVD
hematite films. This method is highly oversimplified and appropriate only for highly
porous films. However, the simulation is insightful in particular when contrasted to
the more common semiconductor models used in the literature (13). The key variables
will be chosen (see chapter 5) as the apparent electron diffusion rate De = 5 × 1015
m2s1, the apparent hole diffusion rate Dh = 2 × 1015 m2s1, the recombination rate
constant k = 1 × 106 mol1m3s1, the apparent chemical oxygen evolution rate constant

kc = 0.4 s1, and the thickness of the film 600 nm (or as specified in the text). The
absorption of light is treated based on the LambertBeer law with an extinction
coefficient α concentration combined parameter of 2.68 × 106 m1 giving ca. 80%
light absorption through a 600 nm thick film. The effect of electrolyte exposure (EE)
and substrate exposure (SE) are investigated.
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Figure 6.11. Numerical simulation data for a photoactive thin film assuming photo
excitation to give mobile electrons (De = 5 × 1015 m2s1) and holes (Dh = 2 × 1015
m2s1), with holes reacting to give oxygen (kc = 0.4 s1), and with recombination
within the film (k = 1 × 106 mol1m3s1) or within the substrate electrode. (A)
Simulated photocurrent transient (SE) for a 600 nm film. (B) Plot of the electron and
hole concentration profile after 0.1 s. (C) Plot of the electron and hole concentration
profile after 0.9 s. (D) Simulated photocurrent transient (EE) for a 600 nm film. (E)
Plot of the electron and hole concentration profile after 0.1 s. (F) Plot of the electron
and hole concentration profile after 0.9 s.

Figure 6.11A shows a calculated current transient for lighton and lightoff transients
(three consecutive pulses) for substrate exposure (SE). Sharp peaks are observed
followed by decay due to recombination and gradual formation of a diffusion zone
throughout the film. Figure 6.11B and C show the diffusion profiles for electrons and
for holes at 0.1s and at 0.9s. The gradient in the concentration profile clearly shows
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the effect of light absorption (here arbitrarily chosen to be 20% transmission for
600nm) with a higher concentration of charge carriers being generated at the
substrate – film interface in Figure 6.11B and C. In contrast, in Figure 6.11E and F
electrolyte exposure causes the opposite concentration gradient to form. The photo
current transients for EE illumination are shown in Figure 6.11D. One significant
difference can be seen in the shape of the initial peak which is sharp for SE (process
close to the electrode) and broader for EE (process occurs further away from the
electrode). The buildup of hole concentration close to the substrate surface is
characteristic for the mechanism in the mesoporous film (see chapter 5) and caused
by the lower concentration of electrons in this zone (the electrons have an extended
diffusion zone due to a higher diffusion coefficient). The rate of oxygen formation
should scale with the hole concentration and therefore a higher oxygen evolution
activity close to the substrate seems likely. However, the model is inappropriate for
films of low porosity (vide infra).

Figure 6.12. Plot of the simulation data for the photocurrent after 1s for the first
lighton transient as a function of thickness and direction of illumination.

In the photocurrent transient after ca. 1s almost photostationary state conditions are
reached and it is interesting to compare the simulated relative magnitude of the
photocurrents after 1s illumination as a function of thickness. Figure 6.12 shows a
plot of these photocurrents for both EE and SE illumination. It is interesting to see
that for both cases, SE or EE, the same photocurrents are predicted for very thin
films (ca. 100 nm). This can be explained based on the insignificant effect of the
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absorption coefficient under these conditions. For EE illumination a clear maximum
is observed and for thicker films the simulated photocurrents decay with thickness.
This effects is due to the lower charge carrier concentration at the substrate side for
thicker films. Experimental data shown above did show a maximum in the photo
transient data, but this is only in very qualitative agreement. For SE illumination
initially an increase for thinner films is observed and after this a constant photo
current (at 1 s) is observed. In real electrodes an additional effect introduced with
thickness is lower ionic conductivity and this is not considered in the simulation
model. For the limit of a highly porous film an optimum photocurrent response is
predicted for thicker films.

6.3.4. Rationalisation of Electrochemical Data for Substrate and Thickness
Effects in Mesoporous Hematite Film Electrodes

The comparison of the experimental data and the numerical simulation data
demonstrate that CVD hematite films are more complex and the model is probably
inappropriate. Compared to the layerbylayer hematite films (chapter 5) much more
dense iron oxide is produced by CVD and aqueous electrolyte is less able to penetrate
into the pores. This leads to potential gradients within the iron oxide films and
additional effects on transport and concentration profiles. It is interesting to consider
two extreme cases for the mechanism:

(A) A single crystal semiconductor surface exposed to the electrolyte solution
where the applied potential bias (positive for ntype semiconductor such as
Fe2O3) creates a deletion zone at the interface to the electrolyte. Light
absorption results in hole generation close to the electrode surface and
electron capture in the substrate electrode (see Figure 6.13A).
(B) A highly mesoporous electrode with electrolyte solution throughout the
porous membrane. Here the classical semiconductor model can be replaced
with a model of diffusing holes and electrons without potential gradients
through the film. The hole concentration will be highest at the interface to the
electrolyte (assuming EE illumination) and recombination is strongly affected
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by the presence of oxygen evolution catalysts at the iron oxide surface (see
Figure 6.13B).

Figure 6.13. Schematic representation of photostationary states for (A) the bulk
semiconductor model with depletion layer and higher hole concentration at the
interface to the liquid and (B) the mesoporous film model with hole reactivity
throughout the film.

The photoelectrochemical processes observed in this chapter for the CVD iron oxide
films are likely to be best considered intermediate between the two cases of models.
Due to the higher density of the CVD hematite the pores provide less space for
electrolyte to penetrate to the substrate electrode and therefore potential gradients
within the films are likely to contribute to the overall characteristics. Subtle changes
in the growth conditions (e.g. ITO versus FTO substrate) can result in significant
changes in the grain orientation and porosity of films and this is the reason why
significant changes in reactivity are observed.
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6.4. Conclusions
It has been shown that high quality CVD hematite films can be grown from ferrocene
precursors onto both ITO and FTO substrates. Both types of films give complex
photocurrent responses with anodic and cathodic regions. When focusing on the
anodic photocurrents associated with oxygen evolution from aqueous electrolyte
characteristic effects of thickness and illumination direction were observed.
Difference between ITO and FTO substrates were significant in the morphology of
films but less dramatic in photoelectrochemical behaviour. Photoelectrochemical
transient were discussed in the light of the mesoporous film model and it was
concluded that the complex behaviour observed in these films is based on a mixed
behaviour with contributions from both semiconductor and mesoporous film models.
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Chapter 7
Spray Pyrolysis Growth and
Photoelectrochemistry of SilicaDoped
NanoHematite Fe2O3

Abstract. The spraypyrolysis formation of photoelectrochemically active films is
versatile and it allows additives to be introduced in order to affect morphology and
structure of deposits. Here, addition of tetramethoxysilane (TMS) in varying amounts
to iron oxide precursor systems for spray pyrolysis is investigated and the dramatic
effect on the photoelectrochemical water splitting current in aqueous 1 M NaOH is
discussed.
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7.1. Introduction
Hematite (αFe2O3) was found to be a good film component for photo
electrochemical electrodes for water splitting because it is abundant, cheap, and
effective

(1)

. Even more promising are modified hematite films, especially those

obtained after doping with effective dopants such as silicon

(2)

. The potential effects

of the dopants in photoelectrochemistry are complex and may be based on (i)
altering the hematite band gap, (ii) changing morphology, (iii) altering the crystal
shape and orientation, (iv) blocking or enhancing recombination or catalysitc sites,
and (v) affecting charge carrier mobility.
Atmospheric pressure chemical vapour deposition (APCVD) methods have been used
previously for preparation of pure and Sidoped αFe2O3 (3) to investigate and improve
the photoelectrochemical efficiency for splitting of water. It was found that some Si
incorporated into Fe2O3 lattice as Si4+ and this led to some disordering in the iron
oxide films (4). Meanwhile SaremiYarahmadi et al. (2) found also that the optical band
gap of Sidoped Fe2O3 increases with increasing of TEOS (tetraethoxysilane)
incorporation rate. It was observed that the incorporation of silicon into the hematite
lattice reduced its particle size and increased the donor densities.

Reactive magnetron sputtering (4) was used to prepare undoped hematite as well as Si
and Tidoped Fe2O3. From this study it was found that doping of hematite with silicon
and titanium enhanced the photochemical reaction of the film while decreasing the
onset potential. Doping with titanium was found to be more effective than doping
with silicon. Glasscock et al.

(3)

explained that dopants lead to passivity of the grain

boundaries with improvements due to decreasing the recombination rate.

Tetraethoxysilane (TEOS) has been used to modify hematite with silicon, which
affected beneficially the photochemical reaction of hematite in an aqueous electrolyte
as Cesar et al. found (5). They used atmospheric pressure vapour deposition (APCVD)
to prepare the nanostructured silicondoped hematite and pure hematite from Fe(CO)5.
Through this study, it was found that the substrate temperature has a considerable
influence on the grain size and morphology. It was found also that the growth rate of
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films is slower at high temperatures. The feature size of the film was found to depend
on the silicon content in iron oxide film. Siliconhematite doping increases the
electron density (1020 cm3), which can lead to formation of a space charge region
inside the nanostructured hematite and this can help separating photogenerated
electronhole pairs. Cesar et al. also found that the recombination rate is much higher
on the tin oxidefluorine substrate in comparison to that in the bulk part of the
hematite film.
The donor density in hematite was found to be between 1017 to 1020 cm3 after doping
with silicon using the spray pyrolysis method with a Fe(acac)3 precursor. Liang et
al.(6) deposited a 5 nm SnO2 film as an interfacial bufferlayer between Fe2O3 and the
conducting substrate and they found that the highest photocurrent response was
obtained for hematite doped with 0.2 % Si (it gave 0.37 mA.cm2 at 1.23 V (RHE) in
1 M KOH electrolyte under 80 mW cm2 (AM 1.5 illumination).
Zhang et al. (7) found that because of the trend in cation radius of Si4+<Fe3+<Ti4+, both
of Si and Ti codoping can be used to balance the ion radius difference between Fe3+
and Si4+ (or Ti4+) and to increase the donor concentration in the films prepared by
ultrasonic spray pyrolysis. By calculation the slope of MottSchottky plots for α
Fe2O3, Si Fe2O3, Ti Fe2O3, and for codopedFe2O3 it was found that charge carrier
densities are 9.10 x 1018 cm3, 1.89 x 1020 cm3, 2.04 x 1020 cm3, and 7.06 x 1020 cm3 ,
respectively. IPCE data for these films obtained at 365 nm and at 0.6 V vs. Ag/AgCl
were found to be 10%, 20%, 22%, and 34%, respectively. These levels of efficiency
are very high and very promising for applications.

In this part of the study the effect of silicon doping is investigated as a tool for
improving photoelectrochemical activity in hematite films. The spray pyrolysis
method is employed as a commercially viable and highly versatile technique. A range
of different precursor systems and doping levels are investigated. Silicon doping is
shown to be the most promising approach for enhancing photoelectrochemical yields
in water splitting.
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7.2. Experimental
7.2.1 Chemical Reagents
Iron

acetylacetonate

(C5H8O2)3Fe

(99.9%),

Ferrocene

carboxlic

acid

and

tetramethoxysilane (TMS, Si(OCH3)4), 99%) were obtained from Aldrich, while
absolute methanol was from Fisher Scientific, and ferrocenecarboxlic acid 98% was
from Alfa Aeser. These chemicals were bought commercially and used without
further purification. Water used in preparation of some solutions was filtered and
double deionized water (DDW, MilliQ water, from Elga system) with resistivity of
ca. 18.2 M � cm.

7.2.2 Spray Pyrolysis Formation of Iron Oxide Films
Two different precursor solutions with different concentrations of either Fe(acac)3 or
ferrocenecarboxlic acid were used for spray pyrolysis. The solvent was DDW (double
deionised water) mixed with either methanol or other organic solvents, as shown in
Table 7.1. Different “apparent” dopant concentrations were obtained by adjusting the
tetramethoxysilane (TMS) Si(OCH3)4) concentration.
The FTO (Fluorinedoped tin oxide, (Asahi Tech 15), conducting glass was put onto
three microscope glasses. One third of the electrode was covered with another
microscope glass to leave a conducting part of the electrode uncovered with the film.
All the glass slides and the FTO were heated on a hotplate (ca. 500o C) for ca.15
minutes until they were all at the same temperature. Then the precursor solution (at
room temperature) was sprayed manually onto FTO conducting glass in cycles (each
cycle contains 5 seconds spray on and 5 seconds spray off) for 2 minutes, or more
according to the required thickness. After completing the spraying, the slides were
left for ca. 5 minutes on the hotplate, and then pushed away from the central hot area
to the edge of the hotplate to cool down. The sample was then annealed in ELITE
furnace for annealing at 500 oC for 2 hours. A manual spray bottle (DESAGA,
SARSTEDT GRUPPE, NS 18.8/26) (Figure 7.1) was used to spray the precursor

solutions.
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Figure 7.1. Photograph of the manual spray bottle filled with precursor solution.

Undoped Fe2O3 have been prepared from 50 mL of 0.5 M Fe(acac)3 / 1:1 MeOH:
H2O sprayed onto a FTO film, at 500o C, as described above, for 12.10 minutes. Then
the sample left on a hotplate for ~10 minutes, and then it was annealed at 500 oC for 2
hours. The same method has been applied in doping Fe2O3 with TMS (bulk doping)
in concentrations; 0 at.%, 0.5 at.%, 1 at.%, 2 at.%, 4 at.%, and 40 at.% Si, to get the
samples 2F0Si, 6SiF, 7SiF, 8SiF, 4SiF, and 3SiF, respectively. Silicon doping of iron
oxide was achieved by bulk doping through mixing the calculated amount of TMS
into the iron salt precursor solution. Then they were sprayed together by using the
same manual spray bottle. Ferrocenecarboxlic acid in different solvents has also been
used to prepare some undoped and Sidoped Fe2O3 as it is shown in Table 7.1.
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Table 7.1.

Summary of doped and undopediron precursor solutions used for spray

pyrolysis at 500 oC.

Sample
1F0Si

Chemical
composition
Fe2O3

Precursor solution

Si
content
0%

3F0Si

Fe2O3

5SiF

SiFe2O3

2SiF

SiFe2O3

2F0Si

Fe2O3

0.5 M Fe(acac)3 / 1:1 Methanol:DDW

0%

3SiF

SiFe2O3

40 %

4SiF

SiFe2O3

6SiF

SiFe2O3

7SiF

SiFe2O3

8SiF

SiFe2O3

0.05 M Fe(acac)3 + 300µL TMS conc. soln. was
sprayed on FTO, tech 15 for 12 mins. Annealed
at 500o C for 2 hrs.
50 mL 0.05 M Fe(acac)3 + 15 µL TMS conc.
soln. was sprayed on FTO, tech 15 for 12 mins.
Annealed at 500o C for 2 hrs.
50 mL 0.05 M Fe(acac)3 + 1.875 µL TMS conc.
soln. was sprayed on FTO, tech 15 for 13.4 mins.
Annealed at 500o C for 2 hrs.
50 mL 0.05 M Fe(acac)3 + 3.75 µL TMS conc.
soln. was sprayed on FTO, tech 15 for 12.5 mins.
Annealed at 500o C for 2 hrs.
50 mL 0.05 M Fe(acac)3 + 7.5 µL TMS conc.
soln. was sprayed on FTO, tech 15 for 12.50
mins. Annealed at 500o C for 2 hrs.

0.5 M ferrocenecarboxlic acid/ 3:1 methanol :
butanol
0.05 M ferrocenecarboxlic acid/ 1:3 methanol : 0 %
butanol
50 mL 0.05 M ferrocenecarboxlic acid + 15 µL 4 %
TMS conc. soln. was sprayed on FTO, tech 15
for 13 mins. Annealed at 500o C for 2 hrs.
25 mL 0.169 M ferrocenecarboxlic acid + 2 µL 4 %
TMS conc. soln. then 18 mL 0.05 M Fe(acac)3
was sprayed on top. Annealed at 500o C for 2 hrs.

4%

0.5 %

1%

2%
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7.3. Results and Discussion
7.3.1. Effects of Doping Fe2O3 with Si on Morphology
Figure 7.2 shows the SEM front pictures of undoped and Sidoped Fe2O3, as a
comparison between undoped Fe2O3 prepared by using Ferrocenecarboxlic acid
precursor solution (A), and that of 4% Sidoped Fe2O3 prepared from the same
precursor after adding 4% atomic weight of (TMS) into the Ferrocenecarboxlic acid
precursor solution (C). From this comparison it was found that the insertion of Si4+, as
it was estimated elsewhere (1, 5), affects the particle size and shape.

Figure 7.2. SEM images of; A: 0% SiFe2O3 (1F0Si), B: 4% SiFe2O3 (4SiF1) C: 4% Si
Fe2O3 (5SiF4), and D: 40% SiFe2O3 (3SiF3).

Particles in image A are almost circular and bigger while in image C, they are coffee
bean shaped and much smaller. Images B and D are for 4% and 40% SiFe2O3 doped
using Fe(acac)3 precursor solution containing the above ratios of atomic weight
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contents. Although, the samples in image A and those in images B and D were
prepared from different precursor solutions (from ferrocenecarboxlic and Fe(acac)3)
precursor solutions), it can be noticed that they are similar in the shape, which is
almost circular with a particle size slightly smaller in B and D than in A. However, in
a comparison between image B (4% SiFe2O3) and that of D (40% SiFe2O3), it can
be noticed that there is no a big difference in either shape or in the particles size.

Figure 7.3 shows clearer images of the effect of silicon doping on the shape and
particle size of Fe2O3 film. It can be noticed that the particle size of hematite decrease
up to 7 times after bulk doping with silicon.

A

B

+4%
Si

Figure 7.3. Effect of Sidoping on the particle size of Fe2O3. A: undoped Fe2O3, B: 4% Si
doped Fe2O3.

It can be noticed from the photographic film images in Figures 7.4 and 7.5 that the
iron oxide colour is slightly darker with increasing the silicon content.
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Figure 7.4. Photographic images of 2F0Si: Undoped Fe2O3, 8SiF: 2% SidopedFe2O3, 4SiF:
4% SidopedFe2O3 and 3SiF: 40% SidopedFe2O3

Figure 7.5. Photographic images of 1SiF: 0.3% Sidoped Fe2O3, 2SiF: 4% SidopedFe2O3,
6SiF: 0.5% SidopedFe2O3 and 7SiF: 1% SidopedFe2O3.

7.3.2. Effects of Doping Fe2O3 with Si on XRD Data
XRD for undoped hematite and Sidoped Fe2O3 are shown in Figure 7.6.
Unfortunately, these data are dominated by the main FTO diffraction peaks and only
very weak (104) and (110) lines indicate the presence of the hematite film.
Comparison with literature data shows that an increase in silicon doping level does
change the ratio of (104) to (110) intensities. Similar observation have been reported
by Wijayantha et al.

(8)

and attributed to morphological changes with an associated

change in the type of hematite surface exposed to the solutions phase.
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Figure 7.6. XRD patterns of undoped αFe2O3 (hematite) and Sidoped Fe2O3 films (A:
2F0Si, B: 8SiF, C: 4SiF, D: 3SiF) in comparison with a standard XRD for powder Fe2O3 (E:
literature data from Shin et al.(9). The asterisk denotes FTO diffraction lines.

7.3.3. PulseIlluminated Voltammetry Studies
Dark and illuminated cyclic voltammetry measurements were carried out on the
samples prepared by using spray pyrolysis. Dark cyclic voltammetry results show
similar behaviour to the samples prepared by using layer by layer method. It was also
found that the oxidation and reduction peaks increase with increasing of the scan rate
as expected for an immobilised redox system.

Silicondoping strongly increases photocurrent responses for Fe2O3 film electrodes.
Figure 7.7 shows typical current transient responses as a function of potential and
scan direction. A 4% silicon doping causes a one order of magnitude increase in the
resulting photocurrents associated with oxygen evolution. This may be explained
because silicon atom acts as an electron donor due to substitution of Fe3+ by Si4+ in
the Fe2O3 lattice and this could improve its electrical conductivity. In addition, and as
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it was noticed from the morphology studies that doping of Fe2O3 with silicon
decreases the particle size to up to 7 times, an increase in the surface area and
porosity of the photoanode could also increase the light harvesting. The same effect
of Sidoping was noticed on the photocurrent responses for forward and backward
scans. Higher doping levels did not further increase the effect.
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Figure 7.7. Effect for Sidoping on Illuminated CV of Fe2O3 A: undoped Fe2O3 and B: 4%
Sidoped Fe2O3 (prepared by spray pyrolysis of Fe(acac)3 precursor solution), in 1 M NaOH,
using blue LED 7.15 mW cm2.
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7.3.4. Incident Photon to Current Efficiency (IPCE) Studies

It was found that silicon doping strongly increases the efficiency of Fe2O3 electrodes
possibly because it acts as an electron donor due to substitution of Fe3+ by Si4+ in the
Fe2O3 lattice. This is believed to improve electrical conductivity, the charge transfer,
and consequently decrease the recombination rate of the photogenerated pairs. The
trend in photoactivity is confirmed in IPCE measurements (see Figure 7.8).

Figure 7.8. IPCE data showing the effect of doping Fe2O3 with different
concentrations of Si using the spray pyrolysis method (0%= 2F0Si, 2%=8SiF,
4%=4SiF, 40%=3SiF). Data obtained in 1 M NaOH, at applied potential 0.7 V vs.
Ag/AgCl and by illuminating by 75W Xenon lamp

An increase in the doping level from 0% to 2% causes a significant increase in photo
electrochemical activity. Any further increase is not detrimental but also not
beneficial. It is likely that even lower levels of silicon doping may suffice. Excess
silicon may simply be present as trace silicate impurity. The smaller grain size caused
by silicon doping increases the surface area and porosity of the photoanode and
consequently this may increase the light harvesting effect.
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7.4. Conclusions
It has been shown that spray pyrolysis offers a simple methodology for the formation
of highly active hematite photoabsorber layers. In particular when used in
conjunction with silicon doping high efficiencies (IPCE up to 20%) can be achieved.
The choice of hematite precursor appears to be not very important and
tetramethoxysilane offers good doping effects.

In future, film efficiency can be improved further by (i) systematically changing the
film thickness, (ii) further decreasing the doping level, and (iii) developing layer
structures with morphology/structural gradients from the substrate to the hematite
solution interface to aid charge separation and to restrict recombination.
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Chapter 8
Spray Pyrolysis Growth and
Photoelectrochemistry of Strontium
Titanate Ferrate

Abstract. Iron oxides with substitution of metal sites give rise to a family of
materials SrTi1xFexO3y or strontium titanate ferrate (STF) with solid solution
character. In this chapter a spray pyrolysis approach to prepare STF films on ITO
substrates is employed. In preliminary data, the nanostructured films show good
photoactivity with IPCEs of up to 11%.
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8.1. Introduction
Mixed metal oxides can be employed to control and improve physical properties, for
example for photoelectrochemical films. For the case of iron oxides it has been
shown that strontium ferrites and strontium titanates can form solid solutions to
provide control over ionic and electronic conductivity

(1)

. Mixed ionic electronic

conductors (MIEC) play a core role in the manufacturing of solidstate
electrochemical devices, which can be designed for energy conversion and for gas
sensor applications (2). There are many important applications for MIEC such as solid
oxide fuel cell (SOFC) electrodes, oxygen separation membranes, insertion electrodes,
electrochromic windows, oxygen and gas sensors, and as catalysts

(3)

. The strontium

titanate ferrate (STF) family (SrTi1xFexO3y) forms a continuous solid solution
between strontium titanate (SrTiO3) and strontium ferrite (SrFeO3) over the entire
composition range 0 < x < 1. SrTi1xFexO3y (STF) solid solution materials have been
prepared (3) by conventional mixedoxide techniques and by calcination of SrCO3, Ti,
Fe mixed oxide in air at 1200 oC. The electronic structure, defect chemistry and
transport properties of its members have been studied (3).

The related titaniadoped Ruddlesdenpopper ferrite (Sr3Fe2xTixO6+δ) where; 0 < x <
2, have been prepared and characterized

(4)

. This material has been prepared by

conventional solidstate reaction method starting with Sr, Ti, and Fe pure oxides.
After pressing the metal oxides mixture into discs under high pressure, high
temperatures up to 1350oC have been used to prepare these materials. The
characterization has been reported by XRD and theromgravimetry measurements. The
effect of oxygen content and titania doping have been studied. The oxygen ion
conductivity was found to decrease with increasing the titania content.

In the present work, STFlike films are prepared and investigated for photo
electrochemical applications. After failing to keep the conducting part of ITO quartz
slides without damage by the effect of the very high calcination temperature 1200 oC,
a low temperature approach has been investigated. STF films are prepared on ITO
conducting glass by normal spray pyrolysis technique at 500 oC and via annealing in
air at the same temperature for 2 hours in a furnace. Structural studies are preliminary
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and inconclusive, but initial photoelectrochemical studies have revealed very
promising photoactivity for water splitting.

8.2 Experimental
8.2.1 Chemical Reagents
0.2 M Fe(NO3)3.9H2O 99.999% (SigmaAldrich) / MeOH, 0.1 M Sr(NO3)2 99.995%
(Aldrich) / H2O, diisopropxytitaniumbis(acetylacetonate) (C16 H28 O6 Ti) solution,
75% wt.% (Aldrich) / isopropanol precursors have been prepared. All chemicals were
obtained commercially and used without any further purification.

8.2.2 Instrumentation
An Autolab potentiostat (Ecochemie) was employed in threeelectrode configuration.
Incident photontocurrent efficiency (IPCE), UVvis absorption spectroscopy,
electrochemical impedance spectroscopy (EIS), scanning electron microscopy (SEM),
Xray diffraction (XRD), and energy dispersive Xray spectroscopy (EDX) were
performed as described in chapter 3. A hotplate, a sonicator, and a furnace instrument
were used for film preparation (see chapter 3 of the general experimental).

8.2.3 Procedure for Spray Pyrolysis Method
The indiumdoped tin oxide (ITO) slide was cleaned by sonication at 40 oC for 15
minutes in, sequentially, detergent (5 vol% decon90), isopropanol, acetone and
finally in ethanol, in which the slides were kept. A mixture of the above precursors,
with the concentrations as shown in the chemical reagents, has been prepared to
contain 50 wt.% Fe, 25 wt.% Sr, and 25 wt.% Ti. So it was taken 93.36 mL of 0.1 M
Sr(NO3)2/H2O, 31.77 mL of 0.2 M Fe(NO3)3.9H2O/MeOH and 8.33 mL of
diisopropxytitaniumbis(acetylacetonate) (C16 H28 O6 Ti) solution and they are mixed
together. Stirring of the mixed precursor has been carried out for 10 minutes, on an
electric stirrer, to ensure of completely mixing the precursors as a dark violet solution.
The ITO slide has been dried with nitrogen gas and then preheated to ~ 500oC on a
hotplate and then 50 mL of the mixed precursor (at room temperature ~22o C) has
been sprayed by using a manual spray bottle (see chapter 7) and by spraying two
sprays on three different spots along the slide every 10 seconds. Different spraying
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times have been used to obtain different thicknesses. The slide left on the hotplate for
10 minutes and then annealed in the furnace at 500 oC for further 2 hours.

8.3. Results and Discussion
8.3.1 Morphology and Structural Studies
Samples of strontium titanate ferrate (STF) have been prepared by the spray pyrolysis
method on ITO conducting glass slides at 500 oC followed by 2 hour annealing in air
at 500 oC. Table 1 shows types of samples produced at different spraying times. The
average thickness has been estimated based on profilometry and SEM measurements.

Table 1. STF samples prepared by spray pyrolysis method at 500oC for different spraying
times

Sample

Substrate

Spraying time (mins.) Approx. average
thickness

2STF

ITO

4

1.1 (+/0.2) µm

3STF

ITO

3

1.0 (+/0.2) µm

4STF

ITO

5

1.2 (+/0.2) µm

SEM and EDX. SEM images show that the films are not completely homogenous
when studied over a wider area (see in case of samples 2STF and 3STF, Figure 8.1a,b)
while being more homogenous with grains of ca. 20 nm to 200 nm (see in case of
sample 4STF, Figure 8.1c). Additional EDX measurement have been performed for
sample 2STF (Figure 8.1d) and it shows that the sample contains Sr, Ti, and Fe. The
accuracy of EDX in this case is not sufficient to confirm the elemental composition,
but based on the ratio of starting materials a composition Sr:Ti:Fe of 1:1:2 is expected.
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Figure 8.1. Typical SEM images of samples a: 2STF, b: 3STF, and c: 4STF. d: EDX of
sample 2STF showing the presence of Sr, Ti, and Fe.

Figure 8.2 shows the cross section of sample 2STF and that of 4STF which indicates
that the thickness of these films is about 1.1 µm in average, but an error of at least +/
0.2 µm has to be assumed. The films are visible by eye as a dark reddishbrown
colour.
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Figure 8.2. SEM cross section images of A: 2STF, and B: 4STF.

XRay Diffraction (XRD). XRD results showed that the main peak in STF films
could be explained as due to the orientation (112) which is the main peak in the
related structure of Sr (Fe0.9 Ti0.1) O2.95 according to published literature data by Adler
et al. (5). This result indicates that the STF film compound may contain some material
belonging to the perovskitea family AMO3, where A and M are metals. The peaks of
the ITO substrate are described with (*) symbols (see Figure 8.3). According to the
preparation procedures it was expected that the overall chemical composition is given
by (SrFe)(TiFe)O6 which could result in the formation of a perovskitetype structure.
However, evidence for this structure is currently weak and in future additional
experiments confirming the type of structure and structural homogeneity are required.

a

A perovskite(6) is the material with the crystal structure like calcium titanium oxide (CaTiO3),
or A2+B4+X2−3 .
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Figure 8.3. XRD for sample 2STF (* denotes ITO diffraction peaks).

In order to obtain a better estimate for the average crystallite size in STF films, the
Scherrer method (7,8) has been used (see Scherrer equation 8.1)

B FWHM (2θ ) =

Kλ
L cos θ

(8.1)

According to the conventional Full Width at Half Maximum method (FWHM), the
Scherrer constant is assumed here approximately K = 0.94. The wavelength of Xray
radiation is λ(CuKα) = 1.5406 Å. With a typical width at half height of BFWHH = 0.15
degrees (for the (112) peak in Figure 8.3.). The estimated grain or crystal size is
approximately 1 nm, which is very small. This estimate could be affected by
instrumental parameters and should be seen as a very rough estimate, but it shows
that the low calcination temperature may have resulted in very small grains. The fact
that only one dominant peak is observed is promising and in agreement with a
reasonably homogeneous material.
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8.3.2 Dark and Illuminated Cyclic Voltammetry Studies

Cyclic voltammograms have been measured first without illumination for samples
immersed in aqueous 1 M NaOH. From the voltammograms (see Figure 8.4) it was
found that there are strong reduction peaks at applied potential 0.9 V. In contrast, the
oxidation peaks are relatively small and observed at an applied positive potential of
0.7 V. The additional reduction is likely to be associated with the Ti(IV/III) rather
than the Fe(III/II) process. The oxidation or reduction peaks were found to be
relatively independent of the film thickness (see Figure 8.4).

Figure 8.4. Comparison between dark cyclic voltammograms for samples 3STF (sprayed for
3 minutes) and 2STF (sprayed for 4 minutes) immersed in 1 M NaOH recorded with a scan
rate 0.1Vs1 vs. Ag/Agcl.

Next voltammetric measurements were performed with illumination. Flashing blue
LED (λ = 455 nm) light was used in illuminating the STF samples to measure the
characteristic photocurrents. Light has been controlled through a LED driver and
PPR1 wave generator and gives pulses as 0.4 seconds ‘On’ and 0.2 seconds ‘Off’.
Figure 8.5 shows the typical photocurrent response obtained by illumination of the SE
side of sample 3STF. It was found that the photocurrent reaches about 1 mA/cm2 at
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applied potential 650 mV under illumination by blue LED at 10.9 mW Cm2. Similar
results were obtained with samples 2STF and 4STF. This indicates that these
materials are promising photochemically active and they can be used for example in
the tandem cell for water splitting purposes. It was also found that for these materials
the SE photocurrent is higher than that of EE one, which can due to the relatively
high porosity of these film materials with sufficient electrolyte contacting the
substrate electrode. The SE photocurrent increases with increasing the spraying time
with sample 2STF giving slightly higher currents.

Figure 8.5. Pulseilluminated voltammogram for sample 3STF (sprayed for 3 minutes) SE
immersed in 1 M NaOH at a scan rate 0.1Vs1, using a blue LED with 10.9 mW/cm2.

It can be noticed from the transient peaks (Figure 8.5) that there are still high
recombination rates destroying the generated holeelectrons pairs. Sharp peak
transients can be seen especially at lower applied potentials. This high recombination
might due to the presence of the trapping sites between the particles of different
oxides components.
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8.3.3. Absorption Spectroscopy and IPCE Studies
STF samples showed high absorption of UVvisable light in air, in the wavelength
range 300 to 400 nm (see Figure 8.6). As expected, it was found that absorption
increases with increasing the spraying time.

Figure 8.6. (i) Absorption spectrum (in air) of 3STF film electrodes (ITO electrode
background subtracted). (ii) IPCE measurement for 3STF (EE) film electrode immersed in 1
M NaOH and with a +0.7 V vs. Ag/AgCl applied potential. Illuminated using xenon lamp.

The absorption coefficient of the STF film can only be estimated. In the wavelength
region around 380 nm the onset of the absorption is observed and the absorbance is
approximately A = 0.058 (see Figure 8.5i). The extinction coefficient can be
estimated based on α =

A
= 21928 m −1 , where l is the thickness of the STF film
2.3 l

(ca. 1.15 µm). The real absorption coefficient could be considerably lower than this
estimated value due to additional losses from poor optical coupling and light
scattering.

It was observed that the absorption is slightly higher in case of illumination via the
EE side compared to that in case of illumination via the SE side as it was discussed in
the previous chapters. Ideally, the cells will absorb as much of the blue region of the
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spectrum with a high overall incident photon to current efficiency. It has been found
that the peak in “Incident Photon Conversion Efficiency” or IPCE (see Figure 8.6) is
at approximately 380 nm. Therefore a scan range of 550 nm to 300 nm was chosen to
investigate the efficiency of the STF cell.

A comparison between the efficiency of SE illumination and that on EE shows that
the difference between the IPCE of EE side and that if SE side are not that high. This
might be due to the fact that the films are not thick. It was found also that the
efficiency increases slightly with increasing the film thickness as it is shown in Figure
8.7.

Figure 8.7. Comparison of %IPCE of samples 3STF and 2 STF deposited by spray pyrolysis
on ITO for 3 and 4 minutes, respectively, immersed in 1 M NaOH at applied potential 0.7V
vs. Ag/AgCl, illuminated by xenon lamp through SE side.

IPCE data suggest good photoelectrochemical activity (although not quite as good as
the silicadoped materials, chapter 7). Further improvements are likely when the
effects of thickness and calcination temperature are studied in more detail.

8.3.4. Electrochemical Impedance Spectroscopy
Impedance methods can be employed to provide time scale (or frequency domain)
dependent information about reactions and processes. Here, the impedance
measurements were taken for STF samples prepared by using the spray pyrolysis
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method. Figure 8.8 shows data for the dark impedance for a STF film (3STF)
obtained at a range of applied potentials (0.0 to 0.7 V vs. Ag/AgCl) in aqueous 1 M
NaOH. In zeroth approximation, impedance data can be modelled based on the
Randles circuit or equivalent circuit (see Figure 8.8 up left inset) with a “short”
Warburg element to represent a thin film of redox active material. R1 and C represent
the dominating cell resistance and interfacial capacitance. It was found, as expected,
that by increasing the applied positive potential, a decrease in impedance is observed
(more current can flow). The impedance data can be approximately modelled when
assuming the Randles circuit with “open” Warburg element. The physical
significance of this observation is associated with the electron transfer at the
film|electrode interface, which may lead to formation of higher oxidation states of
Fe(IV/V/VI) and the resulting water spitting reaction causing higher or “catalytic”
currents.

Figure 8.8. (A) Nyquist plots and (B, C) Bode plots for the effect of different applied (DC)
potentials on the dark impedance for 3STF film electrode in 1 M NaOH (potentials in V vs.
Ag/AgCl. The inset (up left) shows the equivalent circuit which has been used.
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It was also found that, in the presence of light, additional currents cause a further
decrease of the impedance consistent with a faster light energy driven water splitting
reaction. Figure 8.9 represents the Nyquist plots (A) and Bode plots (B, C as inset) of
impedance results under illumination of sample 3STF (spraying time 3 mins.)
through SE side by using blue LED (455 nm) at light intensity corresponding to 300
mA (10.09 mW cm2). By increasing the applied positive potential the impedance
dramatically decreases as at potentials 0.4 V to 0.7 V in comparison to data at lower
positive potentials 0.0 V to 0.3 V (see Figure 8.9 A). This confirms the results of high
photocurrent transients at higher applied positive potentials (see Figure 8.5).

Figure 8.9. (A) Nyquist plots and (B, C as inset) Bode plots for the effect of SE illumination
at different applied (DC) potentials (0.0  0.7V) on the impedance for 3STF film (3 minutes
spraying time) electrode in 1 M NaOH (potentials in V vs. Ag/AgCl). The inset (up left)
shows the equivalent circuit which has been used. The impedance resulted after application
of potentials 0.4 0.7 V are hidden in the left bottom corner because they are very small in
comparison to the impedance resulted by application of lower potentials 0.0  0.3 V.

For more illustration for the effect of illumination on the obtained impedance results,
a comparison between the impedance of 3STF at dark and under illumination through
SE side using blue LED at 10.09 mWcm2 light intensity is shown in Figure 8.10.
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Figure 8.10. A: Nyquist plots and (B, C as inset) Bode plots for the effect of SE illumination
at 0.7 V applied (DC) potentials on the impedance for 3STF film (3
minutes spraying time) electrode in 1 M NaOH (potentials in V vs. Ag/AgCl. The inset (up
left) shows the equivalent circuit which has been used.

All impedance data obtained from the application of the Randles circuit, as it is
shown in the above Figures, for dark and illuminated impedance for sample 3STF
(spraying time 3 mins.) and that of dark and illuminated impedance of sample 2STF
(spraying time 4 mins.) are shown in tables 8.2 and 8.3.

In dark impedance both of resistance and capacitance are slightly decreasing with
increasing the applied potential from 0.0 to 0.7 V vs. Ag/AgCl. The same behaviour
has been noticed by illuminations through EE side, in case of sample 2STF and on
both SE and EE sides in case of sample 3STF (see Tables 8.2 and 8.3). The resistance
reported in the tables 8.2 and 8.3 are mainly the ITO substrate resistance in addition
to that of the electrolyte (which is tiny in comparison to that of the substrate).
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Table
8.2
Impedance
data
for
a
spraypyrolysed
3STF
film
(3
minutes spraying time) on ITO (area 0.38 cm2) and immersed in aqueous 1 M NaOH at
different applied DC potentials and at 10 mV AC amplitude (light source: blue LED at light
intensity 300 mA (10.09 mW cm2).

E / V vs.
Ag/AgCl

Conditions
Dark

0.0

Light

R /�

a

C / µF

30.3

2.68

27.56

1.96

29.8

2.14

38.31

4.33

29.35

1.87

38.31

4.33

29.02

1.72

35.61

3.28

29.13

1.81

EE

35.44

3.21

SE

27.42

1.72

28.95

1.78

EE

35.23

3.17

SE

27.92

1.79

28.39

1.65

EE

35.39

3.21

SE

28.28

1.83

28.68

1.73

29.03

2.10

EE

a

SE
Dark

0.1

Light

EE
SE

Dark

0.2

Light

EE
SE

0.3

Dark
Light

EE
SE

Dark

0.4
0.5

Light

Dark
Light

Dark

0.6

Light

Dark

0.7

Light

EE
SE

a

parameters obtained by employing the “fit circle” option in Zview.
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Table 8.3. Impedance data for a spraypyrolysed 2STF film (4 minutes spraying time) on
ITO (area 0.38 cm2) and immersed in aqueous 1 M NaOH at different applied DC potentials
and at 10 mV AC amplitude (light source: blue LED at light intensity 300 mA (10.09
mW.cm2).

E / V vs.
Ag/AgCl

Conditions
Dark

0.0

Light

Light

0.3

Light

63.42

9.57

SE

64.03

5.40

64.28

1.47

EE

63.09

8.66

SE

56

2.57

63.64

1.30

EE

62.79

7.71

SE

56.04

2.85 x 108

63.46

1.24

EE

62.83

7.63

SE

59.57

8.85 x 103

63.38

1.21

EE

62.82

7.56

SE

63.94

4.70

63.81

1.26

EE

63.10

8.64

SE

64.28

4.78

63.55

1.23

EE

62.48

8.24

SE

64.38

4.95

66.3

1.62

EE

72.83

5.94

SE

62.34

4.15

70.96

2.34

Dark

0.4
0.5

Light

Dark
Light

Dark

0.6

Light

Dark

0.7

Light

a

EE

Dark
Light

C / µF
1.94

Dark

0.2

a

65.42

Dark

0.1

R /�

Dark
EE

0.8

SE
a

parameters obtained by employing the “fit circle” option in Zview.
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Figure 8.11 represents the comparison between the dark impedance of sample 3STF
(spraying time 3 mins.) and that of sample 2STF (spraying time 4 mins.) in 1 M
NaOH at applied potential 0.7V vs. Ag/AgCl. It was found that by increasing the
spraying time (thickness) the impedance decreases (see Figure 8.10) and that found at
all applied potentials.

Figure 8.11. (A) Nyquist plots and (B, C as inset) Bode plots for the effect of sample
thickness or spraying time (3 and 4 minutes spraying time for samples 3STF and 2 STF films
respectively) on dark impedance of STF samples at 0.7 V applied (DC) potential vs. Ag/AgCl
in 1 M NaOH (potentials in V vs. Ag/AgCl. The inset (top right) shows the equivalent circuit
which has been used.

The impedance method provides some additional insight via parametrization in terms
of resistances and capacitances. However, for further insight in to the mechanism and
potential applicability of STF films in photoelectrochemical devices a wider range of
thicknesses and a wider range of compositions needs to be studied.
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8.4. Conclusions
The spray pyrolysis method has been applied in an attempt to prepare low
temperature solid solution substance of strontium titanate ferrate (STF). According to
XRD results it was found that the film material is consistent with Sr (Fe0.9 Ti0.1) O2.95,
which indicates that this compound may be from the perovskite family AMO3. The
material has been prepared in a nanoscale form on ITO conducting glass substrates.
Photoelectrochemical investigations have been carried on the prepared films and
they show that these films are highly photoactive as they show efficiency up to 11 %
even without further optimisation. This opens up new opportunities for solid solutions
as “tunable” photoanodes, which can be used as a main photosystem for example in
the tandem cell to split water by using solar radiations. A lot more work will be
necessary to develop these types of material in the future.
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