
Chapter 2
Literature Review

This chapter discusses the use of titanium dioxide as the active material in
photo-electrochemical cells for the electrolysis of water, with the aim of producing
a source of renewable hydrogen. Recent reports of sensitizing TiO2 to visible light
using localized surface plasmon resonance (LSPR) on metal nanoparticles are
discussed.

The choice of titanium dioxide as a material for water splitting was due to
its stability as an n-type semiconductor, the extensive literature on its
photo-electrochemical behaviour and, in the wider project at Imperial College
London, the development of a parallel stream of computational descriptions of the
surfaces of rutile and anatase (EPSRC Programme Grant on Nanostructured
Functional Materials for Energy Efficient Refrigeration, Energy Harvesting and
Production of Hydrogen from Water).

The global context driving interest in photo-electrochemical hydrogen produc-
tion by water splitting is introduced in Sect. 2.1, followed by a basic overview of
photo-electrochemical cells (PECs), with a more detailed treatment in the following
chapter Principles of Photo-Electrochemical Cells. The main requirements for a
water splitting material are introduced in Sect. 2.3, and the use of metal oxides is
introduced in Sect. 2.4.

In Sect. 2.5, the concept of ‘plasmonic water splitting’ is introduced, followed
by a brief outline of plasmonic resonance on metal nanoparticles in Sect. 2.6.
Fabrication methods for metal nanoparticles are discussed in Chap. 4, Experimental
Methods. The bulk of the literature review covers the use of gold nanoparticles
(AuNPs) to “enhance” the performance of TiO2 (both rutile and anatase). Various
experimental reports are discussed in Sect. 2.7 followed by a critical discussion of
the proposed mechanisms of “plasmonic enhancement” in Sects. 2.8–2.10. The
published data reviewed and discussed in this chapter led to the experimental work
reported in Chaps. 5 and 6 of this thesis. The purpose of this work was to detect the
reported effect, and to try to determine and understand the mechanisms involved.

In Sect. 2.11, the literature review also includes a brief summary of reports on
the growth of oriented and epitaxial thin films of anatase and rutile for a range of
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purposes. These were used as a starting point for determining the growth conditions
for rutile and anatase thin films, as reported in Chaps. 7 and 8 of this thesis, aiming
to provide high quality surfaces to support theoretical models based on hybrid
density functional theory (h-DFT), undertaken in the same Programme Grant.

Finally, Sect. 2.12 presents a review of the theoretical defect chemistry of TiO2,
aiming to understand why heavily doped anatase and rutile films grown during this
project did not show the levels of conductivity reported by other authors. The
interpretation of this theory in the context of the doped films is reported in Chap. 7,
TiO2 films on fused silica.

In Chap. 4, Experimental Methods, a range of experiments are outlined in
response to this review of the literature.

2.1 Global Energy Drivers for Solar Water Splitting

During the 21st Century, the world population is expected to increase to a peak of
9 billion, while demand for energy will also increase as people aspire to a Western
standard of living [1, 2]. Against a background of increased energy demand,
reducing carbon dioxide emissions to prevent climate change is a significant global
challenge [3]. For example, the UK has committed to 80 % reduction compared
with 1990 levels by 2050 [4]. Low-carbon and renewable energy sources, such as
wind and solar power, will be crucial in meeting this target. One of the major
drawbacks of renewable energy sources is intermittency: solar technologies such as
photovoltaic (PV) cells are affected by weather and the fact that the sun only shines
on half of the surface of the Earth at any one time. As such, without energy storage
technology, power output is unlikely to match demand [5, 6].

Conversion of electrical energy into a ‘solar fuel’ is one possible approach to
using energy storage to mitigate this intermittency. One of the main candidates for a
solar fuel is hydrogen (H2), which can be produced by the electrolysis of water.
Hydrogen is a versatile fuel—it can be used in both fuel cells and combustion
engines—with the only combustion products being water vapour and heat [7]. As
such, it also presents an alternative to hydrocarbons for transport, provided
hydrogen storage can be made more efficient and economic. The wide-scale
adoption of H2 as a fuel for transport and energy storage is known as the Hydrogen
Economy [8]. Currently, most H2 is produced by steam reforming of natural gas,
which produces CO2 and largely negates the benefits on offer. Renewable and
carbon-free H2 production is possible by using PV generated electricity to power a
separate electrolyser (alkaline or PEM).

An alternative approach is to simultaneously harvest sunlight and produce
hydrogen in a photo-electrochemical cell (PEC) employing materials such as TiO2

and Fe2O3 as photo-anodes. The potential benefit is decreased material and
equipment cost, as the area of solar collector also acts as the electrode (although this
has yet to be demonstrated in practice). As H2 would compete with battery tech-
nology for electricity storage, another potential market for H2 is as a chemical
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feedstock for ammonia production and/or to help reduce CO2 to a fuel in an
Artificial Leaf.1

At present, there are no commercialized PEC systems for photo-electrolysis of
water (water-splitting), although devices with up to 16 % solar-to-hydrogen
(STH) efficiency have been produced by employing a GaInP2/GaAs multi-junction
cell [9]. However, devices using these rare III–V semiconducting materials are
prohibitively expensive and unstable in aqueous environments, so are unsuitable for
large-scale commercialization. Although Si is also unstable in oxidizing environ-
ments, even in water, a promising Si-based device has been reported [10] with
efficient Co catalysts, forming a stable photo-anode for water splitting. The fun-
damental advantage of Si is that, with a band gap of ca. 1.1 eV, it is a good absorber
of sunlight, in principle enabling high efficiencies. The challenges are in catalysing
the reactions, and material stability.

However, devices employing cheap, earth-abundant materials that are stable in
water, such as metal oxides, suffer from low efficiencies, due to large band gaps,
conduction band edge energies that will not reduce H+ to H2, and poor electron-hole
(e−h+) lifetimes [11]. The focus of the work reported in this thesis was to investigate
routes to improving the understanding and performance of metal oxides, especially
titanium dioxide, for water splitting applications. In the following discussion, brief
reference will also be made to hematite (Fe2O3), which was also studied during the
research period.

2.2 Photo-Electrochemical Cells (PECs)

The basic principles of PECs are discussed, followed by consideration of the
materials TiO2 and Fe2O3 for successful water splitting. The explanations that
follow are based on photo-anodes, at which the oxidation of water occurs by the
oxygen evolution reaction (OER). A photo-anode is formed by an n-type semi-
conductor, such as TiO2 or Fe2O3 in contact with a redox couple in electrolyte.
Further detail on the structure of the semiconductor-liquid interface and the ter-
minology used may be found in the Chap. 3 of this thesis, Principles of
Photo-electrochemical Cells.

2.2.1 Overview

The components of a basic n-type photo-electrochemical cell (PEC) are illustrated
in Fig. 2.1. A PEC for water splitting consists of a semiconductor photo-anode, an
aqueous electrolyte, a counter electrode, and an ohmic contact that transports

1See http://www3.imperial.ac.uk/energyfutureslab/research/grandchallenges/artificialleaf.
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electrons from the semiconductor to the counter electrode (or cathode), where they
reduce protons/water to hydrogen. In the case of a photo-anode, the electron and
hole are generated by the absorption of a photon. In Fig. 2.1a, a reductant (Red) is
oxidized at the photoanode of a regenerative PEC by a hole (h+) and becomes an
oxidant. The oxidant (Ox) diffuses to the counter electrode (cathode or
photo-cathode) and is reduced by an electron (e−) to its original state i.e. the process
is regenerative. In the case of a water splitting cell (Fig. 2.1b), the oxidation of
water/OH− results in the generation of oxygen, which leaves the PEC. Likewise, the
reduction of water/H+ results in the generation of hydrogen, which leaves the PEC.
The reaction is not regenerative; water is consumed in the production of hydrogen.

Practically, the O2 and H2 must be generated and separated in the cell to avoid
the spontaneous reverse reaction. In a PEC with a photoactive anode (as in the case
of TiO2 and Fe2O3), the H+ ions (protons) produced by OER reaction must be
transported away from the photo-anode by a conductive electrolyte to the cathode
for reduction. A typical means of ensuring separation is the use of a proton
exchange membrane (PEM) which allows protons to pass, but prevents electrons
and OH− ions doing so. Alternatively, if the photocathode was the driving force,
then the OH− ions must be transported to an anode for oxidation [13, 14]. In some
water splitting ‘Z-schemes’, both a photo-anode and a photo-cathode are employed
together to boost the fraction of light absorbed [13, 15] and to provide sufficient
electrical potential to drive water splitting.

Materials produced and investigated in this project were for use as photo-anodes
in a PEC. This means that the practicalities of PEC operation need to be borne in
mind when proposing new material systems. These considerations include: effi-
ciency targets for a real-world technology; possible efficiency limits in proposed
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Fig. 2.1 Basic schematic diagram of (a) a regenerative PEC and (b) a hydrogen producing PEC.
Image based on publication [12]
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systems; and electron and hole potentials relative to the potentials of redox couples.
Other issues such as charge separation, lifetime and mobility also need to be
considered.

2.3 Requirements for Economical PEC Water Splitting

To assess the suitability of materials and systems for economically feasible water
splitting, it is necessary to be efficient, cheap and robust, whichmay be summarised in
scientific terms as: generate sufficient photo-potential to split water; generate suffi-
cient photocurrent to efficiently produce hydrogen; be stable, i.e. not be decomposed
by electrons, holes, hydroxide ions or protons; and do so cheaply [15]. The first two
requirements are discussed below in more detail in relation to TiO2 and Fe2O3.

2.3.1 Solar to Hydrogen Efficiency

The generally accepted solar-to-hydrogen (STH) efficiency target is ca. 10 %. The
goal is to compete with the closest technological competitor: photovoltaic cells
coupled to electrolysers, as highlighted e.g. by a US Department of Energy report
[11, 15]. The ca. 10 % efficiency goal is based on multiplying the efficiencies of a
typical PV cell and a typical electrolyser. For electrolysis, 1.6 V is a typical
practical potential difference, and 1.23 V is the reversible potential difference,
giving an (voltage) efficiency of 77 % (1.23 V/1.6 V). A typical commercial PV
module efficiency is on the order of 15 % (electrical power output to solar power
input). A photo-electrochemical device would need to meet this efficiency at the
same or lower cost to be competitive with PV/electrolysis as a reference technol-
ogy. The voltage of 1.23 V is the reversible potential for water splitting. Practical
devices require higher voltages, as discussed further below.

As an example, a STH of 10 % efficiency for a typical solar flux, Psolar, of
1000 W m−2 corresponds to a photocurrent of 8.13 mA cm−2 or 81.3 A m−2. This is
based on the ratio of Gibbs free energy of the hydrogen (DG

� ¼ �237:178 kJmol�1)
generated at a rate RH2 to the incoming solar irradiance [11, 16]. It also assumes zero
external bias applied to the cell. The STH efficiency is given by Eq. (2.1).

STH % ¼ DG
�
RH2=PsolarAreacell ð2:1Þ

Given that the production of each Mole of H2 is directly related to the current,
this is equivalent to:

STH % ¼ 1:23Jphoto ð2:2Þ
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where Jphoto is the photocurrent density. As each H2 molecule requires two electrons
(see hydrogen evolution reaction, Chap. 3 Eq. 3.2), the molar production rate is
RH2 ¼ jphoto=2F, where F is the Faraday constant (F = 96,485 C mol−1), the charge
on NAv electrons [14, 16]. At 10 % STH this corresponds to quantities of about
150 lmol h−1 cm−2 of hydrogen and 75 lmol h−1 cm−2 of oxygen, as the ratio of
production rates should be 2:1 according to the overall water splitting reaction.

H2O!hv H2 þ 1
2
O2 ð2:3Þ

A photo-anode needs to approach these efficiency values (or have the potential
to) to be considered viable. However, few studies report their results in such a
manner that the STH efficiency can be established, due to uncertainties of sample
size, illumination intensity, and applied external bias.

2.3.1.1 Efficiency Limits

The main efficiency losses at various stages of solar water splitting, from initial
photon absorption to the production of hydrogen, can be categorized as follows
[14, 17]:

• Absorption of photons—how much of the solar spectrum that can be absorbed is
limited by a material’s band gap;

• Thermalisation of electrons as the energy of photons in excess of the band gap
energy is lost by interaction with the lattice;

• Recombination of charge carriers in the bulk, at surfaces, and traps;
• Overpotential of electrons/holes—excess potential not utilised, but dissipated as

heat;
• Resistive losses—due to resistivity of materials, interfaces, and electrolyte.

Osterloh et al. [17] noted that a single photocatalytic material device has a
theoretical limit of less than 10 %—principally due to issues of bandgap, overpo-
tential and the Shockley-Queisser limit, which is based on radiative, recombinative,
and spectral losses. The overpotential required for a significant H2 production rate is
suggested to be about 0.6 V (0.3 V each for reduction and oxidation), giving
1.83 V as a minimum practical band gap and practical potential difference [9, 17].
A tandem device is more flexible as it adds the potential of two cells in series, but
again the limit is of the order of 15 % from the need to absorb twice as many
photons per electron. Multi-junction devices have reached efficiencies approaching
16 % through the use of multiple layers with graded band gaps [9, 18]. In both
tandem and multi-junction devices, the top layer material has the highest bandgap,
with each subsequent layer or cell having a smaller bandgap. For example, a
top-cell made of TiO2 could absorb UV light, and a bottom-cell made of Fe2O3

could absorb visible light. In multi-junction cells, the efficiency increases with the
number of junctions.
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2.4 Materials: Metal Oxides for Water Splitting

The materials TiO2 and a-Fe2O3 (for comparison) are now discussed in the context
of the main material requirements for efficient water splitting as previously outlined.
General material properties such as physical and electronic structure, or synthesis
methods are not discussed here. These can be found in a range of reports [18, 19].
The basic requirements for water splitting can then be borne in mind when
reviewing the effect of “plasmonic” metal nanoparticles in later sections.

2.4.1 Bandgap and the Solar Spectrum

The fundamental property of a semiconductor for solar cell applications is its
bandgap. The generally accepted values of the indirect band gaps for rutile and
anatase TiO2 are 3.0 and 3.2 eV respectively [19, 20]. In terms of the wavelength of
a photon, this corresponds to 413 and 388 nm. By comparison, the band gap of
a-Fe2O3 is in the region of 2.0–2.2 eV (620–564 nm) depending on material
preparation [12, 20]. This immediately gives an upper limit to the efficiency of a
solar cell. Figure 2.2 shows the standard Air Mass 1.5 solar spectrum used by the
solar cell industry for terrestrial systems and shows how the 1000 W m−2 irradiance
is distributed over the range of photon wavelengths.

A modified version of the spectrum in Fig. 2.2 shows the proportion of total
energy in the solar spectra from photons of energy equal to, or greater than the
bandgap of a material. The range of band gaps for TiO2 and Fe2O3 are shown.
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Fig. 2.2 Standard solar reference spectra—ASTM G173-03 (2012) used for solar cell design
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Based on Fig. 2.3 the maximum percentage of absorbable solar energy is
between 4–6 % for TiO2, and 30–40 % for a-Fe2O3. Taking thermalisation,
recombination and resistive losses into account, the actual efficiency will be much
lower. For TiO2, it is clear that 10 % STH efficiency is unachievable unless it is
used alongside another material or sensitized to photons into the visible range
(400–700 nm), for example with a light absorbing dye as in a dye-sensitized solar
cell (DSSC), in which electrons are injected into the TiO2 by the dye. The efficiency
of a TiO2 based DSSC is above 10 % indicating the potential for moderately high
efficiencies with sensitized TiO2 [12, 21]. However, this system is not suitable for
direct water splitting, as it uses a regenerative redox couple such as Fe3+|Fe2+. It has
also been proposed that a visible light absorbing metal nanoparticle (NP) could
reproduce the same effect [21, 22]. Whether or not a metal NP system with TiO2 is
suitable for water splitting is one of the main areas of research of this thesis and is
discussed in greater detail in the following sections. In the case of Fe2O3, the band
gap is ideal, but as discussed below the positions of the band edges are not.
Additionally, Fe2O3 has been reported to have relatively poor charge transport
characteristics [22, 23].

2.4.2 Band Position

The band structures of TiO2 and Fe2O3 are discussed in terms of the general band
structure requirements for water splitting.
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Xu and Schoonen [23, 24] compiled a comprehensive list of the band positions
of oxides based on experimental flat band data and calculation. Both TiO2 and
Fe2O3 have valence band edges significantly positive of the oxidation potential of
water, so they should both sustain the oxygen evolution reaction (OER) under
illumination. The conduction band of TiO2 is just positive of the H+/H2 redox
potential, suggesting that reduction of H+/water and therefore unbiased water
splitting is not possible. The position of the TiO2 conduction band is sometimes
reported as being slightly negative [24, 25]. This may be due to differences between
anatase and rutile and other factors such as particle size and the surface of the
material studied.

Fe2O3 also has a conduction band that is too positive to reduce H+/water, so
while it can absorb a greater proportion of the solar spectrum, it requires a sig-
nificant bias in a hydrogen-producing PEC. The need to input energy decreases the
achievable STH efficiency. Cesar et al. [25, 26] used two series-connected TiO2

based DSSCs in a tandem cell configuration with a Fe2O3 anode to achieve water
splitting estimated at 2.1 % STH efficiency from purely solar sources. This is a
relatively high efficiency for a metal oxide based PEC. However, using three cells
together in a system is complex and unlikely to be economic.

It is noted that another metal oxide, SrTiO3, with a bandgap of 3.2 eV (the same
as anatase TiO2) is the only oxide to have demonstrated full water splitting at zero
bias [23, 26]. This can be attributed to the position of the conduction band being
sufficiently negative of the reduction potential of water. As with TiO2, the large
bandgap severely limits efficiency. However, it could offer a more promising
starting material than TiO2, as it removes the need for bias. Nevertheless, the focus
of this thesis is on aspects of TiO2 related to water splitting.

In Fig. 2.4, the calculated conduction and valence band edges of a range of metal
oxides are given, relative to the reduction and oxidation energies of water at pH 0.
The data for TiO2 and Fe2O3 are highlighted.

2.4.3 TiO2 and Fe2O3 for Water Splitting

The first use of TiO2 for photo-electrochemical water splitting is generally credited
to Fujishima and Honda, who used a (001) rutile single crystal [27, 28]. Earlier
work by Boddy, occasionally referenced, was an electrochemical investigation of
TiO2 only [11, 28, 29].

There have since been numerous reports of water splitting by TiO2 studying
effects of doping, particle size, synthesis and more. All have in common an
extremely low STH efficiency, usually �1 %. Many comprehensive reviews are
available [11, 29, 30]. While the internal quantum efficiency of TiO2 photo-anodes
may be improved, the STH conversion efficiency is fundamentally limited by the
large bandgap to well below an economical level. These studies in just TiO2 are not
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elaborated on here. The focus will be on systems functionalized with metal
nanoparticles as a far less studied topic.

Neither TiO2 nor Fe2O3 alone are suitable for achieving efficient water splitting;
both require some bias or need to be used together in a tandem cell. However, they
are worth studying as they are already fairly well documented and can be used as
starting materials for modelling, to understand the various aspects of interesting
surface phenomena, such as plasmonically-enhanced water splitting.

2.4.4 Other Water Splitting Materials

While TiO2 is the focus of this thesis, there are numerous other possible materials
for water splitting, such as SrTiO3 as mentioned in Sect. 2.4.2. Tungsten trioxide
(WO3), which is stable in acidic solutions, is another well-known metal oxide and
has even been used with Fe2O3 to improve charge separation by formation of a
heterojunction [30, 31].

Oxynitrides are also being investigated as a potential materials group, due to the
less positive position of their valence band. The nitrogen 2p orbitals are less neg-
ative (versus SHE) than the O orbitals, decreasing the band gap of the oxynitride
compared to the metal-oxide. Essentially, this decreases the bandgap, allowing a
greater proportion of the solar spectrum to be absorbed, which seems to be a
promising avenue of investigation, although efficiencies remain low [22, 31].

Fig. 2.4 Calculated energy positions (versus vacuum) of the conduction and valence band edges
at pH 0 for selected metal oxide semiconductors. Taken from Xu and Schoonen [23, 27]. Reprinted
with permission from Mineralogical Society of America
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2.4.5 Improving Solar to Hydrogen Efficiency

One approach to achieve increased efficiency of water splitting, while still using the
cheap and stable material TiO2, might be sensitization to visible light: increasing
how much of the energy in the spectrum is absorbed. As mentioned previously,
dyes may achieve this, but would need to be developed to be stable in aqueous
solution and resistant to oxidation. Another alternative, explored in this thesis is the
use of surface plasmonic resonance on metal (gold) nanoparticles to absorb visible
light. The general principal behind light absorption by metal NPs is outlined briefly
below, followed by a review of key publications on TiO2|Au systems used for solar
energy, water splitting, and other redox reactions. The Fe2O3/Au system has also
been investigated [12, 22], but so far there is little in the literature on this combi-
nation, particularly for water splitting.

2.5 Plasmonic Water Splitting

The general idea of plasmonic photocurrent is that the addition of metal nanopar-
ticles that support localized surface plasmon resonance (LSPR) can lead to the
absorption of parts of the solar spectrum that the substrate material does not absorb.
This is analogous to the dye-sensitization of TiO2 in DSSCs [12, 32, 33]. Using a
noble metal particle such as gold as the sensitizer may result in a more stable system
in the oxidizing environment required for oxygen evolution in water splitting, as it
is harder to oxidize gold compared to an organic dye. The intention in loading TiO2

with gold nanoparticles is to extend the photocurrent generation of a TiO2 based
photo-electrochemical cell (PEC) from the UV into the visible region of the solar
spectrum. The basic principle is illustrated in Fig. 2.5. In more detail, the concept of
plasmonic enhancement of TiO2 is as follows.

Titanium dioxide absorbs only UV light (k < 400 nm), which makes up only
5 % of the energy in the solar spectrum. The majority lies in the visible and infrared
part of the spectrum (k > 400 nm). A gold nanoparticle demonstrating localized
surface plasmon resonance will interact strongly with visible light, scattering and
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absorbing around the resonant energy of the plasmon. The target is that the AuNP–
TiO2 system would therefore result in absorption of light from a larger portion of
the spectrum. This is shown schematically in Fig. 2.5. Furthermore, it is hoped that
the AuNP and TiO2 will couple favourably and produce a photocurrent, enhanced
relative to the TiO2 alone, that will drive chemical reactions such as the oxidation of
water.

In fact, enhanced photocurrents with visible light have been observed experi-
mentally. Although, in most cases, the photocurrents generated at visible wave-
lengths of light are negligible. Any photocurrent generated at visible wavelengths
corresponding to the LSPR, that cannot be attributed to the substrate material
(TiO2) is referred to in this thesis as ‘plasmonic photocurrent’. The term ‘plasmonic
enhancement’ is often used in the literature. But this phrase is suggestive of the
enhancement of a pre-existing photocurrent by the action of the plasmon. The
phenomena of interest here is the generation of a photocurrent that is not possible
for TiO2 alone, due to the energy of photons being insufficient to generate
electron-hole pairs, i.e. sub-band gap photons. Hence, the use of ‘plasmonic pho-
tocurrent’ in this thesis to distinguish the effects from each other.

This section examines the literature of ‘plasmonic enhancement’ and ‘plasmonic
photocurrent’ of titanium dioxide by metal nanoparticles for photo-electrochemical
water splitting. The focus is on studies with gold nanoparticles rather than silver as
the plasmon resonance of silver is in the UV region of the spectrum, while the
resonance of gold is in the visible. As the aim is to sensitize the TiO2 to visible
light, silver is not considered suitable. Furthermore, silver will rapidly oxidize in
aqueous solution. The review covers existing studies of metal nanoparticles on TiO2

and includes a critical discussion of the possible physical mechanism that could
lead to an enhancement of performance. While the review is focussed primarily on
water splitting for hydrogen production, other photo-electrochemical and photo-
catalytic applications are also discussed, as this is a relatively new area. Selected
studies based on silver rather than gold nanoparticles are also discussed when
relevant. The review concludes with suggestions for a course of investigation,
which formed the results reported in this thesis.

Increasing the efficiency of metal NP and TiO2 systems in practice will be
dependent on being able to optimize the processes at work. To optimize a process
requires a precise understanding of the mechanism at work, which is yet to be
determined unambiguously. It is possible that once identified, the theoretical limit
of efficiency may prove to be too low to indicate economic viability. At present,
most studies have shown either no or negligible plasmonic photocurrent. Others
show a negative impact overall. To date, the only reports known to the author that
indicate a real plasmonic water splitting photocurrent with real-world potential are
those by Nishijima et al. and by Tatsuma’s group [21, 32–35]. These studies have
some interesting results that were not fully discussed by the authors. The studies are
reviewed critically and in detail. A significant body of work by the Tatsuma group
[21, 34–36] also suggested that TiO2 loaded with plasmonically active gold
nanoparticles can give good visible light performance in a PEC.
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One of the main objectives of this thesis was to gain an understanding of the
mechanism of plasmonic water splitting and to use this to fabricate photo-anodes
that could be used to test and optimize the process. Hence, the critical review of the
mechanisms presented in the literature.

The various proposed mechanisms discussed in detail during the course of this
chapter are:

• ‘Hot’ electron injection or direct electron transfer (DET)
• Plasmonic Resonant Energy Transfer (PRET);
• Local heating
• Various effects of the ‘near-field’ around the nanoparticle (of which PRET could

be considered one)

The following sections introduce plasmonic effects on nanoparticles, studies on
water splitting and other photo-electrochemical systems involving plasmonic
enhanced TiO2, and a critical discussion of the mechanisms that may be operative.

2.6 Plasmonic Nanoparticle Arrays

Illuminated metal nanoparticles (NP) may exhibit Localized Surface Plasmon
Resonance (LSPR): oscillations of the electron plasma about the ion cores that
affect the absorption and scattering of light. The electric field around the
nanoparticles is also concentrated due to the small size of the nanoparticles: the
‘lightning-rod’ effect. The electric field local to the nanoparticle is often referred to
as the ‘near-field’ [36]. The effect of the electric field of incident light on the
electrons in the nanoparticle is shown schematically in Fig. 2.6. The action of the
electric field (denoted by E) causes the electrons at the surface of the metal
nanoparticle to oscillate relative to the positive ions of the metal atoms. The
electrons oscillate collectively at the frequency of the incident photon, resulting in

Fig. 2.6 Oscillation of electrons in a metal nanoparticle due to oscillating electric field of incident
light, ELIGHT results in electric field of localized surface plasmon resonance ERES [36, 38]
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positive and negative poles on the surface of the nanoparticle. For a spherical
nanoparticle, a dipole is formed with an electric field ERES. For other geometries
(rectangles, triangles), multiple poles are possible [37].

For nanoparticles deposited on a substrate, there can also be a plasmonic effect at
the interface called a Surface Plasmon Polariton (SPP). This is a wave that travels
along the interface, and that can be used as a waveguide. The effect of the near-field
of both LSPs and SPPs on the substrate is unknown. It may alter the absorption or
band structure of the supporting material, it may influence charge separation or
transfer, or have little effect.

Systems incorporating ‘plasmonic’ metal nanoparticles and semiconductors have
been investigated as a means to improve the efficiency of both photovoltaic
(PV) and photo-electrochemical cells. While the mechanisms behind the
enhancement of PV, such as increased path length due to scattering [38, 39] and
increased coupling of light into the substrate [39, 40] are reasonably well under-
stood, the effects in photo-electrochemical and photocatalytic systems including
TiO2 are not.

The detailed theory of plasmonics is available from many sources [36, 40–42],
but is not presented here. The focus of this review is not on how a plasmon is
excited, or modelling the absorption, but on the effect in photo-electrochemical
systems.

Studies have shown that the number of resonances, resonant wavelengths, and
intensity of plasmonic resonance is highly dependent on the size and shape of the
nanoparticle, as well as the refractive index of the environment [32, 36, 41, 42]. It is
reasonable to suppose that metal nanoparticle arrays of gold or other metals may be
designed to absorb light optimally at any wavelength or range of wavelengths
desired, such as the solar spectrum. These arrays can be fabricated on suitable TiO2

substrates. What is unknown is how to design the Au-TiO2 system as a whole, to
optimize the generation of photocurrent under visible light.

2.7 TiO2-AuNP Systems for Water Splitting

The key results of several studies of AuNP enhanced TiO2 are presented below.
While not all are related to the photo-electrolysis of water, they are informative for
this thesis. Nishijima’s study [32, 33] is introduced first, as it is both the most
relevant and the most interesting, and formed a starting point for the work described
in Chap. 5 of this thesis. Other studies are introduced as necessary to aid discussion
of issues such as the effect of phase (rutile or anatase), doping, nanoparticle array
architecture, and applications. Finally, the proposed mechanisms are discussed in
the light of these studies and other ‘plasmonic’ photo-electrochemical studies
involving different oxides and applications.
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2.7.1 Nishijima et al. [32, 33]

Nishijima et al. [32, 33, 42] investigated photo-anodes comprised of arrays of Au
nano-rods (AuNRs) and nano-discs (AuNDs) on niobium doped (0.05 % by
weight) rutile single crystals with a (110) orientation. The study reports incident
current to photon efficiencies (IPCE) of 5–10 % at the peaks, and internal quantum
efficiencies (IQE) of 10–15 %. To our knowledge, these figures are orders of
magnitude higher than any others reported for the Au-TiO2 system. The authors
suggest that injection of hot electrons from the AuNR/AuND into the conduction
band of the TiO2 is responsible for the photocurrent.

The nanostructures were deposited by electron-beam lithography, which
allows precise control over size and shape, but is limited to coverage of small areas:
1 mm2 in this instance. The AuNRs were 110 � 240 nm2 and AuNDs were
125 � 125 nm2 as shown in Fig. 2.7. Both sets of structures were 40 nm thick with
a 2 nm Ti layer between the gold and TiO2, which is a typical approach used to
improve the adhesion of gold to a substrate in physical vapour deposition. The more
recent of the two studies by the same authors uses AuNRs of similar dimensions.
For the AuNRs, the UV-Vis-NIR extinction spectra (Fig. 2.8a, black line)
demonstrated two peaks, at 650 nm and 1000 nm, which are attributed to LSPR on
the short and long axes of the rods. Light polarized transversely or longitudinally
with respect to the AuNRs showed only one of the peaks (Fig. 2.8a, red and blue
lines). It is noted that this measurement was of extinction, which included
absorption and scattering/reflection. However, the symmetric AuNDs displayed

Fig. 2.7 Results of the studies by Nishijima et al. [32, 42]. The top row shows the characteristics
of nano-rods, while the bottom row shows nano-disks. The left-hand panels are SEM images, the
central panel is the optical extinction, and the right-hand panel is the incident-photon-to-current-
efficiency (IPCE). The curves in the bottom row correspond to varying separation of the
nano-disks. Reprinted (adapted) with permission from Nishijima et al. [32]. Copyright (2010),
American Chemical Society
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only a single extinction peak, the position of which varied between 800 and
850 nm, depending on how densely packed the array was, demonstrating plasmonic
coupling between nanoparticles [32, 42].

The most compelling aspect of this work is that a significant photocurrent (an
IPCE above 5 % at visible wavelengths) is reported at visible and NIR wave-
lengths, as shown in the rightmost panel of Fig. 2.7 and in Fig. 2.8c. Photocurrent
measurements in monochromatic light show a response that matches the extinction
spectra closely. There is a slight shift in the position of both the visible and the
near-infra-red (NIR) peak. This could be attributed to the fact that the resonance for
absorption and scattering in LSPR on a metal nanoparticle may occur at slightly
different wavelengths [33, 42]. Monochromatic light was used with a cut-off filter to
remove any residual UV to ensure that all current measured was attributable to
visible light. This was identified as a potential issue during the work reported in this

Fig. 2.8 Results of the study by Nishijima et al. [33] reproduced directly from the paper. Panel
a shows the extinction spectra for the nano-rods with polarized (red and blue lines) and
un-polarized light (black). Panel b shows the photocurrent for the Au/TiO2 (red line, black line
without illumination) and bare TiO2 (blue line). Panels c and d show the IPCE and IQE (internal
quantum efficiency). Reprinted (adapted) with permission from (Nishijima et al. [32]. Copyright
(2010) American Chemical Society
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thesis; a monochromator can produce higher order harmonics. For example, light
monochromated to 700 nm can have a 350 nm component, which will directly
excite electron-hole pairs in TiO2 leading to spurious results. The type of cut-off
filter used in the reviewed publication was not identified.

Under illumination by 500–1300 nm light (of unspecified intensity), a pho-
tocurrent of 30 µA cm−2 was achieved. On illumination by monochromatic light at
450, 650, and 1000 nm wavelengths, there appeared to be a linear increase of
photocurrent with increasing intensity (inset in Fig. 2.8c). Illumination intensity
varied from 10–350 µW cm−2, resulting in photocurrents of up to 10 µA cm−2. As
presented, the measured photocurrent seemed to increase with photon energy; the
intensity of the shorter wavelength light was higher.

In the insert of Fig. 2.8c, extrapolated linear fits of the photocurrent for 450, 600,
and 1000 nm light indicates that a higher photocurrent could be produced by the
lowest energy photons. If this is a process with an energy threshold, then it is
reasonable, as the 1000 nm incident beam would contain more photons per Watt
per unit area. However, the 650 nm illumination produced a lower current than the
450 nm, which is not congruous with a simple picture of an energy threshold. The
authors of the study did not make these observations.

Furthermore, it is noted in this thesis that a photocurrent is generated at photon
energies below the reversible energy for water splitting of 1.23 eV, which is
equivalent to a wavelength of 1008 nm. This might indicate that the energy of
multiple photons is required to produce the observed photocurrent.

The experiment was carried out in water at pH 7 with a 100 mM KClO4, with a
platinum wire counter electrode and a saturated calomel reference electrode (SCE).
The photocurrent onset seemed to start at −0.3 V and incident photon charge carrier
efficiency (IPCE) measurements were made at +0.3 V (SCE), which corresponded
respectively to −0.056 and 0.544 V versus SHE (based on SCE being +0.245 V vs.
SHE). At pH 7, the equilibrium potentials for hydrogen and oxygen are at −0.413 V
(SHE) and +0.817 V, respectively. Measurements were also made in KCl with
1 � 10−3 mol dm−3 of 1,2-benzenediol as an electron donor, resulting in pho-
tocurrents greater by a factor of 1.4. The equilibrium potential of 1,2-benzenediol
(presumably oxidized to CO2) was given as +0.32 V (SHE), which is much less
positive than that for oxidation of water. Such a small increase is somewhat sur-
prising given the usual exponential effect of increasing overpotential, unless
adsorbed reactants and products inhibited reaction rates.

It was also noted by Nishijima et al. that the photovoltage of the AuNR patterned
sample increased compared to that of the bare(un-patterned) TiO2, which could
indicate more free electrons in the conduction band, due to increased absorption of
light. The authors attribute the detected current to the oxidation of water, suggesting
the possibility of utilizing visible light in a water splitting system based on TiO2.
This was confirmed in their later study by detection of generated hydrogen and
oxygen by gas chromatography—mass spectroscopy (GS–MS) [33, 43].

One detail that is not mentioned in the paper is the optical extinction spectra of
the bare TiO2 substrate. While the doping level of the TiO2 substrate with Nb was
only 0.05 wt%, this would have resulted in significant absorption in the visible and
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IR spectrum compared to undoped single crystal TiO2, as found in attempts to
reproduce the result of this paper and discussed in Chap. 5.

Based on this result, it seems to be possible to oxidize water efficiently with
visible light using gold nanoparticles on TiO2, specifically if using 0.05 wt%
Nb-doped rutile (110). Whether the effect can occur with other crystallographic
orientations, dopants and doping levels, or on other phases like anatase is unde-
termined. The following reviews of papers try to address these questions. It is noted
that the authors of the study did not discuss whether or not the doping of the TiO2

substrate was an important feature.

2.7.2 Liu et al. (2011)

Liu et al. [43, 44] also studied plasmonic enhancement of water splitting using gold
nanoparticles on TiO2. The study was based on anatase TiO2 nanotubes formed by
anodizing Ti foil in a NH4F electrolyte (Fig. 2.9). Then 5 nm of Au was deposited
using electron beam evaporation, which formed densely packed islands rather than
a continuous film. The authors highlighted a decrease in photocurrent under UV
light, due to the dense gold film preventing light from reaching the TiO2.

Under illumination by monochromated light, there is a twofold enhancement of
photocurrent at 532 nm and a peak enhancement of sevenfold near 650 nm
(Fig. 2.9f). However, these enhancements are of a small photocurrent density of the
order of hundreds of nano-amperes (not given as a current density, Fig. 2.9e. In this

Fig. 2.9 Effect of gold nanoparticle film (inset) on anatase TiO2 nanotubes under UV light (b) and
visible illumination (c). Absorption, photocurrent over the visible part of the spectrum and the
enhancement ratio are shown in (d), (e), and (f). Reprinted with permission from Liu et al. [43].
Copyright 2010 American Chemical Society

22 2 Literature Review

http://dx.doi.org/10.1007/978-3-319-34229-0_5


case, the plasmonic effect may have been an enhancement of a pre-existing pho-
tocurrent or the dark current. What is clear is that the TiO2 nano-tube film had
significant absorption of visible light compared to un-doped TiO2 synthesized by a
sol-gel process, which was explained by accidental doping by N and F present in
the electrolyte during the anodizing process (Fig. 2.9d).

Repeating the photocurrent experiment with a sol-gel TiO2 film (presumably
also anatase) rather than anodized Ti gave no photocurrent under visible light, either
with or without gold particles. The authors suggested that enhancement of
absorption by nanotube films due to their doping was responsible, rather than
injection of electrons, which they argued should have occurred with both the sol-gel
film and the nanotube film. This conclusion suggested that doping could also have
been responsible for the photocurrent reported in Nishijima’s paper, based on
Nb-doped TiO2 having significant absorption in visible light (see Chap. 5 of this
thesis).

The two studies introduced so far showed that it may be possible to use TiO2

with gold nanoparticles to split water using visible light. However, it is equally
possible to fabricate materials that decrease the overall efficiency of the system.

2.7.3 Naseri et al. (2010)

Naseri et al. [44, 45] studied anatase TiO2 films loaded with AuNPs that exhibited
visible light absorption due to SPR, resulting in doubling of photocurrents with Au
present, but of magnitudes less than 0.4 A m−2, which corresponded to a STH
efficiency of <0.5 % under 0.1 W cm−2 light or 4 A W−1. This was attributed to
(assumed rather than measured) water splitting in the visible part of the spectrum. It
was not clear whether the source spectra included UV light, so it is hard to confirm
whether photocurrents were due to visible light absorption or UV.

2.7.4 Chandrasekharan and Kamat (2000)

Chandrasekharan and Kamat [45] authored the earliest paper reporting attempts to
exploit visible light absorption of AuNPs to enhance the photo-electrochemical
performance of TiO2. They did not discuss water splitting, nor assigned reactions,
nor identified a redox couple explicitly, but as they used 0.05 M NaOH electrolyte,
it is assumed that no other redox species were added. The TiO2 was produced by a
sol-gel process, followed by annealing at 400 °C, which should have produced an
anatase film, although this was not characterised. The gold nanoparticles were
formed by immersing the electrode in a toluene solution containing 5 nm gold
colloids that adsorbed onto the TiO2 film surface and aggregating as 20–70 nm
clusters (Fig. 2.10). The Au/TiO2 film exhibited a SPR at 546 nm (red-shifted from
Mie Theory), but the spectral response of photocurrents was shown not to be
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influenced by the addition of the Au particles, i.e. there was no photocurrent
response to visible light. However, photocurrents were enhanced threefold and the
photovoltage also increased. It was suggested that the AuNPs increased charge
transfer rates between the TiO2 and electrolyte by decreasing overpotentials. While
the catalytic process was not identified, an example might be Au2O3/Au(OH)3,
formed by hole-driven oxidation following photon absorption by TiO2, acting as a
catalyst for water/OH− oxidation:

Au2O3 � 2Auþ 6OH� þ 6hþ
VB;TiO2

ð2:4Þ

where,

EAu2O3=Au SHEð Þ=V ¼ 1:363� 0:0592 pH ð2:5Þ

Another possibility is that the nanoparticles scattered the incident UV light,
increasing the optical path length of the material, so increasing rates of
electron-hole pair generation.

Based on the small photocurrent densities reported by Liu et al. [21, 43] and the
results in Chap. 5 of this thesis, it is possible that there was a small visible light
photocurrent present in the study by Chandrasekharan and Kamat, but that it was
not detected. As the following studies by the Tatsuma group showed, it is possible
to have a measurable and significant plasmonic enhancement of photo-
electrochemical reaction rates on anatase TiO2.

2.7.5 Tatsuma Group

Tatsuma’s group at the University of Tokyo, Japan, have reported several studies of
the photo-electrochemistry of Au-TiO2 systems. Though not necessarily all for

Fig. 2.10 Effect of gold nanoparticles on photocurrent of TiO2 PEC. Schematic diagram of Au
nanoparticles on TiO2 film (a), measured photocurrent (b), and film absorbance (c) [43, 45].
Reprinted with permission from Chandrasekharan et al. [45]. Copyright 2000 American Chemical
Society
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aqueous solutions, they are critically reviewed for this thesis when relevant infor-
mation was identified.

Tian and Tatsuma [21] investigated nano-porous anatase TiO2 films loaded with
Au or Ag nanoparticles in a photo-electrochemical cell with aqueous 0.05 M NaOH
solution and also with an I−|I3

− couple for measurement short-circuit currents. The
I−|I3

− couple was likely used due to being more thermodynamically and kinetically
facile than oxidizing hydroxide ions to oxygen. The redox potential also sits
between the conduction and valence bands, permitting the reaction to occur without
additional bias. The application of bias would render the short circuit current
meaningless. An anatase precursor sol was spin-coated onto ITO and annealed at
500 °C. The resulting anatase film was then immersed in an ethanol solution
containing Au colloids of 5–20 nm diameter to coat the surface with Au particles.
The Au coated TiO2 exhibited LSPR at 542 nm, which was red-shifted from the
530 nm of the colloidal solution, due to the higher refractive index of the TiO2

substrate. The response of the system to monochromatic light from 400 to 700 nm
followed the absorption/extinction spectra closely (Fig. 2.11). There was a

Fig. 2.11 Results reported by Tian and Tatsuma [21, 34]. The open circuit potential and IPCE are
shown against the absorbance for both gold- (left-hand images) and silver- (right-hand images) NP
coated anatase TiO2. Reprinted (adapted) with permission. Copyright © 2004, Royal Society of
Chemistry
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measurable short-circuit current under illumination that peaked at 1 % IPCE at
540 nm. Likewise, the open circuit potential became more negative in the presence
of the gold, peaking at −140 mV relative to that of bare TiO2. A similar behaviour
was seen with silver nanoparticles in place of gold.

The authors described this behaviour as ‘remarkable’ and attributed the effect to
the plasmon absorption of the gold nanoparticles. They proposed that the electric
field in the TiO2 space charge layer influenced the oscillating electrons in the metal
nanoparticles, drawing the electrons into the conduction band of the TiO2 substrate,
and leaving positively charged metal nanoparticles that oxidized hydroxide ions to
oxygen.

Tian and Tatsuma [34, 45] continued the work by investigating the effect of
changing the redox couples, noting that the system with I− as an electron donor was
not entirely stable. TiO2 films of 4 µm thickness were obtained by spin coated
sol-gel. In contrast to the previous work, the gold nanoparticles were formed by
photocatalytic reduction. Films were immersed in 5 � 10−3 mol dm−3 of HAuCl4
for 30 min and then irradiated with UV light to form <50 nm diameter nanopar-
ticles. The most promising redox couple tested was Fe2+|Fe3+, with the optimum
ratio of FeCl2–FeCl3 identified to be 0.1 and 0.05 M, respectively, in a solution of
N2-saturated acetonitrile and ethylene glycol in a 60/40 volume ratio. An IPCE of
12 % at a wavelength of 560 nm was reported, corresponding to an energy con-
version efficiency of 1.27 % with illumination of 10 mW cm−2. With the addition
of 0.2 M 4-nitrobenzoic acid, the IPCE increased up to 26 %. Methanol, ethanol
and other hydrocarbons were also investigated to establish the feasibility of a
‘photovoltaic fuel cell’, but the IPCE was found to be much lower, perhaps due to
gold being a poor alcohol oxidation catalyst. It was also seen that the presence of
O2, a by-product of the oxidation, decreased the IPCE efficiencies. The solution was
found to contain H2O2, which is a product of O2 reduction, suggesting that the O2

accepts electrons from either the gold and/or TiO2, decreasing the number reaching
the cathode, and the efficiencies of the circuit.

While this is not a water splitting application, it shows that an anatase TiO2-Au
system can be driven by visible light to do useful work. It also highlights the
potential problem of simultaneous O2 reduction at an O2 evolving photo-anode. In a
water splitting cell, this unwanted side-reaction would decrease the electron con-
centration available for hydrogen production.

2.8 Mechanisms of Plasmonic Enhancement

It is apparent from the literature that there are uncertainties as to the processes
leading to plasmonic enhancement of photo-electrochemical reactions or generation
of plasmonically-induced visible light photocurrent. Several common explanations
are presented below and are discussed critically. Reports on plasmonic enhance-
ment of both TiO2 and other metal oxides and semiconductors are considered. The
phenomenon of interest is how the Au-TiO2 system can produce photocurrent under
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visible light. Increased photocurrent at UV wavelengths, at which TiO2 is already
photoactive, as seen by Chandrasekharan and Kamat [12, 45], is not considered in
detail.

2.8.1 Direct Electron Transfer (DET)

The most common mechanism proposed in the literature is that of electron injection
also referred to as direct electron transfer (DET), which is proposed to act in a
similar manner as dye-sensitized solar cells [12, 34]. The originators of this
mechanism appear to be Tian and Tatsuma [32, 34]. They propose that:

1. A photon is absorbed by a surface plasmon on a metal nanoparticle;
2. Electrons in the metal nanoparticle oscillate close to the interface with the TiO2;
3. The electric field in the space charge layer of the TiO2 causes electrons in the

metal nanoparticle to be injected into the TiO2 conduction band;
4. The positively charged metal nanoparticle oxidizes the electron donor in

solution.

The suggested steps in the process are illustrated schematically in Fig. 2.12. The
effect of the plasmon is to give an electron sufficient energy to overcome the
Schottky barrier at the interface between Au and TiO2.

Nishijima et al. [32, 33] also proposed the injection of an electron as the prin-
cipal mechanism in a water splitting process, although they do note that there may
also be some non-linear effects due to the electric field enhancement operative.
They suggested that an electron is promoted from the filled d-band of the AuNP
into the conduction band of TiO2, followed by electron donation from H2O to the
AuNP to compensate the electron loss. In more recent papers [33, 46], they
expanded on this concept. Later, the authors considered the requirement for a hole
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Fig. 2.12 Schematic of
electron injection from a
metal nanoparticle into the
conduction band of TiO2
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to drive the oxidation. It was noted that for water oxidation to occur, four holes of
sufficient potential are required for each molecule of oxygen. They suggested that
the injection of electrons from the gold would leave a net positive charge on the
metal nanoparticle that oxidizes H2O or OH− and that the positive charge could be
considered as a de-localized hole at the surface.

The suggestion of a positively charged hole in a metal could be considered
controversial. The electronic structure of metals is conventionally described in
terms of the free electron gas [46–48]. To suggest that there is a long-lived hole
with a defined energy and sufficient potential to accept an electron is a novel and
unproven concept. However, Petek et al. [47–49] have measured the generation of
electron-hole pairs in metals such as gold and copper at ultrafast timescales. While
an extremely short-lived hole may be possible, it is not certain whether it is possible
for these holes to have a sufficient lifetime to accept an electron from a solution
species. Typically, the hole is filled by a cascade of electrons from higher to lower
energies within the nanoparticle, for example by Auger recombination. This is also
unlikely given the typical femtosecond timescale (1015 Hz) of the plasmon oscil-
lation. Furthermore, the potential of any hole is undetermined, but would have to be
positive of the water oxidation potential.

On the physical scale of energy, and at pH 0, water reduction occurs at about
−4.5 eV (versus vacuum), and oxidation at −5.73 eV. The work function of gold is
around 5.4 eV [49, 50]. Converting to the absolute potential scale, this suggests that
the Fermi level of gold at +0.9 V (SHE) is not positive enough to oxidize water,
which is at +1.23 V (SHE). If the work function of gold is unaffected by pH (and
adsorbed ions), then the potentials of water oxidation and the Fermi level of gold
become equal at pH 5.6. At pH 5.6 and above, it should be possible for water to be
oxidized by a hole at the potential of the Fermi level. However, if the gold is in
nanoparticle form, it might be possible that the potential of the TiO2 substrate
determines the potential of the Fermi level of gold.

Details of how the injection of the electron into the TiO2 might proceed are also
uncertain. Nishijima et al. proposed the electron is excited from the d-band to the s,
p band in gold, and is then swept into the TiO2. Again, this suggests a long-lived
excitation in the gold nanoparticle, as if it were a molecule with discrete energy
levels. This may be possible with gold nanoparticles below 10 nm [51]. This is
clearly not the case for the Nishijima study.

Recent papers suggest that surface plasmons can indeed decay into ‘hot elec-
trons’. These are electrons with an excess of energy above the Fermi level. Giugni
et al. [50, 52] demonstrated the conversion of SPPs on the tip of a gold plasmonic
waveguide to hot electrons with an apparent efficiently of 30 %. The hot electrons
were injected across the Schottky barrier formed between the gold tip and GaAs.
The authors noted that the decay of a plasmon into a hot electron, rather than
radiative decay (scattering), might be enhanced by a rough Schottky barrier contact.
This might explain why larger nanoparticles (such as those fabricated by Nishijima
et al.) perform well, due to the increased likelihood of defects in the contact area.

Further studies have suggested that plasmons decay into ‘hot electrons’. Knight
et al. [52, 53] detected photocurrents from arrays of AuNPs deposited on Si, with
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photocurrents corresponding to the absorption of photons with energies smaller
than the band gap of Si. This was attributed to hot electron transfer into the
semiconductor. Mubeen et al. [53, 54] coated AuNRs with TiO2, Pt for water
reduction and a Co oxidation catalyst. They observed both hydrogen and oxygen
evolution under visible light, and attributed this to hot electron transfer. The results
of experiments by Mukherjee et al. suggested that these hot electrons can also
transfer into a Fesbach resonance of hydrogen molecules on gold nanoparticles,
causing the dissociation of H2 into atomic hydrogen [54, 55].

How the hot electrons are generated by the decay of the surface plasmon is not
clear at this stage, and is only speculated. It could be hypothesized that an electron
oscillating around the ionic core due to an applied electric field has increased
potential and kinetic energies (forced-damped harmonic oscillation), which could
raise the potential of some electrons above the Fermi level, to an energy at which
they can be injected into the conduction band by the electrostatic field, or by
tunnelling. This picture of a distribution of electron energies, above the usual
Fermi-level, was used by Cushing et al. [55, 56] in their investigation of the
photocurrent enhancement mechanism of Cu2O films loaded with gold nanoparti-
cles. The plasmonic photocurrent was attributed to a plasmonic resonant energy
transfer (PRET, discussed in Sect. 2.8.2) mechanism between the Au and Cu2O.
However, follow up papers on Ag–Cu2O core-shell structures by the same authors
[52, 53, 56], reported a mixture of behaviour that was attributed to both PRET and
DET, depending on the wavelength of the incident light.

In a talk at the Materials Research Society Spring 2013 symposium, Peter
Nordlander2 suggested that, rather than decaying to a distribution of energies, the
plasmon may decay into a single hot electron with energy above the Fermi level of
the metal equal to the energy of the exciting photon (no discussion was given
regarding the generation of a hole). Given that a surface plasmon is often visualized
as the collective oscillation of all free electrons at the surface of a nanoparticle, it is
surprising that, rather than a distribution of energies, that the energy should be
transferred to a single electron.

Recently, Sundararaman et al. [57] predicted the decay of plasmons and gen-
eration of both hot electrons and hot holes in metals by means of a quantized
plasmon model and electronic states calculated with density functional theory
(DFT). The authors predict a distribution of hot electrons above the Fermi level and
a distribution of holes below the Fermi level. This appears to be an important step in
beginning to explain how a plasmon can decay and result in the reduction or
oxidation of a species in solution. Manjavacas et al. [58] have also estimated hot
carrier generation using Fermi’s Golden Rule. Govorov et al. [59] have investi-
gated, theoretically, the injection of hot electrons from metal nanoparticles into
semiconductor substrates by quantum mechanical methods. Overall, it appears that
direct electron injection is beginning to develop a theoretical basis to support the
observations of experimental work.

2To the knowledge of the author of this thesis, there has not been a related publication.
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A number of studies [52, 53] suggest that the emission of hot electrons follows
the Fowler formula (a form of which is given in Eq. (2.6)). The proposal is that the
rate of photoelectrons with sufficient energy to overcome the Schottky barrier is
given by a relation of the form:

g ¼ Cf
hm� /SBð Þn

hm
ð2:6Þ

where g is a generation rate of electrons, Cf is the Fowler emission coefficient,
n = 2 for most metals, and /SB, the Schottky barrier height. The study by Mubeen
et al. [53] claimed that this equation fits data well. When the current increased at
wavelengths corresponding to plasmonic resonance, the divergence from the above
fit was attributed to an enhancement due to the plasmonic resonance [52, 60].

At energies above the plasmonic resonance, the photocurrent should be ascribed
to the usual generation of electron-hole pairs, not hot electrons. Over the region of
the plasmonic resonance, the fit of Eq. (2.6) to a typical current-potential curve for
plasmonic enhancement is poor. At lower energies, the fit clearly diverges from the
data, so while the fit follows the general trend, it is suggested here that the fit does
not capture the effects of the plasmon resonance.

To accurately fit the plasmonic photocurrent data reported in this thesis, the
Fowler Eq. (2.6) as presented above would need to be modified to account for the
plasmonic enhancement, perhaps in the scaling constant Cf. It could be hypothe-
sized that, based on equations for thermionic emission as presented by Murphy and
Good [61] and Fowler and Nordheim and others [62, 63], the effect of the plasmon
resonance is similar to either the temperature term of the electric field term. Greater
photon energy is analogous to higher temperature. However, as the photocurrent
has a maximum at a particular energy, rather than simply increasing with photon
energy, it may be better to formulate this in terms of the electric (near) field, which
is maximized at the plasmon resonance and may be high at the surface of a
nanoparticle.

2.8.2 Plasmonic Resonant Energy Transfer (PRET)

Resonant Energy Transfer (RET) involves coupling between dipoles of two
materials such as a nanoparticle and a molecule or nanowire of different materials
by Coulomb forces. This can allow efficient energy transfer from one material to
another, say between nanoparticles [64, 65] or from a plasmon to a fluorescent
molecule. However, it is noted that the materials must have similar response to
excitation, suggesting that an excitation produced by visible-light in one material
cannot couple to a material with a significantly larger energy requirement for
excitation. For example it is noted that ZnO and TiO2 can couple to enhance
fluorescence [64, 66] and also CdTe with plasmons in Au [66, 67]. Cascading from
high to low energy is also seen from ZnO to an organic molecule via FRET;
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however, the reverse is not seen [67–70]. Whether this dipole oscillation energy
transfer is possible for a plasmonic TiO2 system requires further investigation, as a
standard TiO2 excitation is far from that of an Au nanoparticle.

The theoretical foundations of resonant energy transfer has been described by
Andrews [55, 68–70], who showed that both Resonant Energy Transfer (RET) and
inverse-square radiation were the near-field and far-field asymptotic solutions of
energy exchange by emission of photons. In both cases, energy transfer is possible
only if there is an overlap of the emission and absorption spectra of the emitter and
absorber, as shown in Fig. 2.13. In the case of near-field energy transfer, often
referred to as Förster Resonant Energy Transfer (FRET), the energy transfer is by
exchange of virtual photons, while in the far field the exchange occurs through a
real photon.

Energy transfer from the decay of a surface plasmon to the excitation of an
electron-hole pair in a semiconductor could be viewed as a form of resonant energy
transfer, and has been referred to as Plasmonic Resonant Energy Transfer (PRET).
The study by Cushing et al. [55] used the effect of an insulating SiO2 spacer layer
between the Ag and Cu2O to demonstrate that energy transfer occurs even when the
gold nanoparticle and Cu2O are separated. It is noted here that the band gap of
Cu2O (ca. 2.2 eV) coincides with the resonant wavelength of AuNPs.

A standard formulation of resonant energy transfer [55] is given without proof to
demonstrate the fundamental requirement for overlapping emission and absorption
spectra:

wFRET ¼ 9j2c2

8psA�n4R6

Z FA xð ÞrB xð Þ
x4 dx ð2:7Þ

where, the rate of transfer wFRET depends on the product of the emission FA xð Þ and
the absorption rB xð Þ at each frequency x. The transition rate decreases as R−6,
where R is the distance between particles. If there is no overlap, the integral is zero,
and the rate of energy transfer is zero. The remaining parameters are related to the
material.
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Fig. 2.13 Schematic of
energy transfer between two
materials, in which transfer is
possible only if the absorption
spectrum (blue) of the
receiving material overlaps
the emission spectrum (red)
of the material emitting the
photon
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Cushing et al. [22, 55] estimated an emission/absorption rate for a plasmonic
metal nanoparticle based on the dipole moment of the localized surface plasmon
(LSPR) given by Mie theory. The requirement for overlapping absorption of
nanoparticle and semiconductor was also highlighted in a recent study by Thimsen
et al. [22] of AuNPs with Fe2O3 for water splitting. Two architectures were
investigated: fully embedded particles and surface deposition. It was clear that the
AuNPs improved the magnitude of absorbance in both cases. The effect of the
hematite dielectric environment was to red-shift the plasmon resonance from
550 nm to about 650 nm, resulting in less overlap with the Fe2O3 absorption and
less probability of energy transfer. While there was increased absorbance for the
embedded architecture, there was only a slight improvement in the photocurrent of
the embedded system at high bias. This suggested that even with an emission and
absorption overlap, it is not a simple matter that the addition of metal nanoparticles
will improve performance. For the surface configuration, the overall effect under
AM1.5 light was negative. The authors attributed this to the formation of Schottky
barriers between Au and Fe2O3, resulting in lower open circuit potentials than the
standard Fe2O3-H2O junction. They speculated that increasing the Schottky barrier
height might help overcome this drawback, although do not elaborate on the
reasoning.

Given the large band gap of both rutile (3.05 eV) and anatase (3.2 eV) TiO2, it
seems that resonant energy transfer from a visible light absorbing surface plasmon
to TiO2 would occur with an extremely low probability. The only way this would
be likely is if multiple plasmons could decay simultaneously and pool their energy
into exciting an electron hole pair in TiO2. The concept of energy pooling has been
touched on by Andrews [70] as being a real process, but there has been no proposal
that this may be in effect for the Au-TiO2 system.

For energy pooling to occur, it seems to the author of this thesis that the surface
plasmons of adjacent nanoparticles should be coupled. This is more likely to occur
if the nanoparticles are of uniform size, shape, and separation and are separated by a
distance of less than the wavelength of the plasmon. This may explain why the
nanoparticle array used by Nishijima et al. [32] performed so well. The paper also
demonstrated (in the supplementary information) that the efficiency of the process
was dependent on the inter-particle spacing.

2.9 Other Plasmonic Effects

2.9.1 Effect of Enhanced Near-Field on Absorption

In addition to DET and RET, another suggestion for the mechanism of plasmonic
enhancement is the effect of the enhanced electric field at the surface of a metal
nanoparticle supporting a surface plasmon. Liu et al. [43] note that doping materials
can reduce the bandgap and allow absorption of visible light. They suggested that
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the electric near-field formed at the surface of the nanoparticle creates an
enhancement of the electric field at the interface of the AuNP and TiO2 surface that
influences charge separation and suppresses recombination, resulting in higher
photocurrent. Nishijima et al. [32] also indicated that they believed there was a
non-linear effect due to the enhanced electric field, in addition to electron injection,
but do not expand.

It is not unreasonable to suggest that a larger electric field could enhance pho-
tocurrent generation. From Fermi’s Golden rule [71], the transition rate is depen-
dent on the square of the Hamiltonian operating on the initial and final states.
Cushing et al. [55] derived a form for the transition rate in a semiconductor (2.8)
that demonstrates that the rate of photon absorption, or transition rate wSEMI , is
proportional to the intensity of the electric field E0j j2 (the square of the field
strength E0) and as such an enhanced field should result in more electron-hole pairs,
and subsequently higher photocurrent densities. The other terms are not defined
here as the equation is only presented to highlight the E0j j2 dependence.

wSEMI ¼ e2 E0j j2
4p2m2�hx2 p0j j2 2mreduced

�h2

� �3=2

�hx� EGð Þ1=2 ð2:8Þ

This argument may be true at a particular point local to a nanoparticle, but over a
large area, the incoming photon flux is fixed, so the total absorption should remain
constant. The effect of the enhanced electric field should be to increase the
absorption coefficient, resulting in a shorter absorption depth for a given material.
Exactly how the enhanced field might decrease recombination rates, as suggested
by Liu et al. [43], is not clear.

Furthermore, the effect of enhancing the absorption coefficient of a material
relies on that material absorbing at the plasmon resonance. For a material like TiO2,
if the photons are of below band gap energy, then enhancing the electric field

cannot cause the absorption of a photon. This is shown by the term �hx� EGð Þ1=2,
which only evaluates for �hx[EG. However, for above band gap energy photons, it
would be possible to enhance the absorption coefficient.

For these reasons, it is suggested here that enhanced absorption due to the
intensification of the electric field at the surface of a metal nanoparticle cannot be
the driving mechanism for the plasmonic photocurrent in Au-TiO2 photo-anodes, as
there is no overlap of the absorption spectrum of TiO2 with the emission of gold
nanoparticles in the visible spectrum.

2.10 Evidence for Direct Electron Transfer

Several sets of data are now examined that support direct electron transfer (DET) as
the mechanism of plasmonic photocurrent for the Au-TiO2 system.
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2.10.1 Electrons in the Conduction Band of TiO2

Furube et al. [72] have demonstrated that DET might take place using femtosecond
transient absorption spectroscopy (TAS). They compared TiO2 films with embed-
ded AuNPs to films with a light absorbing ruthenium based “N-3” dye, as used in
dye-sensitized solar cells (DSSCs), in which electron injection is known to occur
from the dye to the TiO2. The absorbance of a 3500 nm IR probe by electrons in the
TiO2 conduction band was measured. The system was excited by a 550 nm laser i.e.
by photons with insufficient energy to directly excite electron-hole pairs in the
TiO2. Figure 2.14 shows the transient absorbance of 3500 nm light by conduction
band electrons following the 550 nm excitation. The absorbance of the Au/TiO2

system under pulsed excitation was similar to the N3 dye/TiO2 system, although the
lifetime of the excitation was shorter lived, decaying after about 1 ns. The authors
inferred that this implies that electrons were injected into the TiO2 from the AuNP,
as in the dye system.

It is suggested here that the TAS measurements are not conclusive evidence of
DET. While they do demonstrate the presence of electrons in the conduction band
of TiO2 following illumination with visible light, they do not give any indication of
the origin of the electrons. It is inferred by the authors of the study that because the
dye injects electrons, that the gold nanoparticle must also do so. It is possible that
the electrons are excited directly from the valence band of the TiO2 somehow.
A possible experiment to verify this would be a TAS measurement probing for
holes rather than electrons. If a population of holes are measured in the valence
band of TiO2, then it might indicate that the electrons originate within the TiO2,
while the absence of the hole signal would support DET.

The fact that the effect is not seen with ZrO2 is attributed by the authors to the
more negative potential of the conduction band of ZrO2 compared to TiO2. This
additional potential barrier might be sufficient to prevent the transfer of electrons.
Likewise, if the conduction band electrons were generated in the TiO2 itself, the
larger band gap of ca. 5 eV could also prevent this from occurring in ZrO2.

Fig. 2.14 Transient
absorbance of TiO2 films
loaded with dye and AuNPs,
and Au-loaded ZrO2.
Figure taken from publication
[72]. Reprinted with
permission from Furube et al.
[72]. Copyright 2007
American Chemical Society
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Two other sets of data used to support the DET mechanism were identified by
Tian and Tatsuma [21, 34]. The first was the negative shift in open circuit potential
(seemingly versus Fe3+/Fe2+) under visible light illumination (Fig. 2.15). The
second was the decreased absorbance of the gold nanoparticles following extended
illumination in white light, which was reversed by addition of an electron donor,
such as ethanol (Fig. 2.16).

2.10.2 Shifting Open Circuit Potential Under Illumination

A negative shift in the open circuit potential under monochromatic illumination was
detected in the anatase AuNP–TiO2 systems studied by Tian and Tatsuma [21]
(Fig. 2.15) and supports DET. In a conventional PEC, illuminating the junction

Fig. 2.15 Potential change of
illuminated AuNP–TiO2

electrode under
monochromatic illumination.
Figure taken from publication
[21]. Reprinted (adapted) with
permission. Copyright ©
2004, Royal Society of
Chemistry

Fig. 2.16 Effect of extended
period of illumination on the
absorbance of Au-TiO2 at
open circuit (a), in the
absence of an electron donor
(b) and after the introduction
of ethanol (c). Figure taken
from publication [21].
Reprinted with permission
from Tian et al. [21].
Copyright 2005 American
Chemical Society
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generates electron-hole pairs and splits the quasi-Fermi levels. This allows current
to flow and un-bends the bands, resulting in a negative shift in the open circuit
potential of the electrode. Tian and Tatsuma saw a similar shift of potential on
illumination of their AuNP–TiO2 system by visible light in multiple experiments.
The shift in potential was attributed to the presence of electrons in the conduction
band of TiO2. As the photons are not energetic enough to promote these electrons
from the valence band, it was inferred that the electrons must have come from the
metal. As with the TAS measurements discussed previously, it could be said that
while this measurement shows there are electrons in the conduction band, it does
not show an absence of holes. If the effect of the plasmon resonance on the gold
nanoparticle was generating electron-hole pairs in the TiO2 by some other unknown
mechanism, then the same negative potential shift would be expected; this mea-
surement cannot in itself distinguish between electron transfer from Au and
electron-hole pair generation in TiO2. As shown in Fig. 2.15 the potential change
follows the absorbance of the plasmon, with the largest shift at the plasmon reso-
nance. This suggests that the number of electrons in the conduction band was
directly related to the strength of the excitation of the nanoparticles.

2.10.3 Decrease in Absorbance of Plasmon

Tian and Tatsuma also investigated the effect of an electron donor on the absor-
bance around the surface plasmon resonance. Following irradiation with visible
light for 30 min at 10 mW cm−2, the absorbance (presumably measured in terms of
transmittance) was decreased (Fig. 2.16). The decreased absorbance was attributed
to loss of electrons from the gold nanoparticle, due to the excitation of electrons and
injection into the TiO2. Adding 0.5 M ethanol as an electron donor resulted in the
recovery of the absorbance peak. It was suggested that this regenerated the electrons
in the gold nanoparticles. It was not made clear by the authors whether the Au-TiO2

sample was immersed in water only with no control of the electrode potential.
On this basis, it might be imagined that without the addition of an electron

donor, the gold nanoparticle would become depleted of electrons to the point that
the absorption of light and photocurrent decreases and stops. This in turn would
suggest that a system for producing hydrogen by water splitting would not be
practical, as it would require a sacrificial electron donor.

The standard equilibrium potential of CO2/ethanol is −0.346 V (SHE) at pH 7,
compared to +0.817 V (SHE) for water oxidation [73]. The Fermi level of gold
should be at a potential of +0.6 to +0.9 V (SHE) based on the vacuum level being at
−4.5 V on the SHE scale and the work function of gold being between 5.1 and
5.4 eV. This suggests that electrons could be donated by ethanol easily, but not by
water at this pH. For water to act as an electron donor to gold, the oxidation
potential of water should be less positive than the potential of the gold. This will
depend on both the pH and the work function of the gold nanoparticle, indicating
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that an investigation of the dependence of photocurrent on pH might be prudent for
Au-TiO2 systems.

The preceding paragraphs discussed the evidence for and against DET the main
candidate for the plasmonic photocurrent mechanism. Generally, the evidence for
Au-TiO2 systems allows for the possibility of DET. The TAS and negative potential
shift measurements are considered compatible with DET, but do not rule out any
other possibilities.

2.10.4 Opposition to DET Mechanism

Liu et al. [43] refute the DET explanation, stressing that electron excitation in
metals and dyes are not comparable, because in a dye molecule, there is a long-lived
excitation and electron-hole pair generation, which has not been observed in gold
nanoparticles. Control studies using sol gel films and ITO as the substrate for the
gold nano-island film did not exhibit any visible light photocurrent. The authors
reasoned that if DET was the mechanism, then the effect should work with both the
sol-gel film and the ITO, but as no effect was observed, there must be some other
mechanism at work. The point regarding ITO may be discounted as ITO is
essentially metallic by design, so would have had no extended depletion region and
electric field to effect charge separation. Any electron transferred to the ITO may
easily recombine with the AuNP. The lack of photocurrent from AuNPs on anatase
films prepared by a sol-gel process followed by thermal treatment is in-line with the
work of Chandrasekharan and Kamat [45], and Naseri [44]. However, the studies
by Tian and Tatsuma [21, 34] showed that plasmonic photocurrent with anatase and
AuNPs was indeed possible (but with redox couples other than water). The lack of
enhancement could perhaps have been due to the nature of the gold nano-islands,
which did not demonstrate a sharp peak of plasmon resonance in absorbance, and
were in addition deposited only on the top of the film. By comparison, Tatsuma’s
films were nano-porous and loaded with gold nanoparticles exhibiting a
well-defined resonance in the absorption spectrum. This suggests that both the
interfacial area and/or the strength of the resonance and the associated electric field
are important factors in producing charge transfer from the AuNP to the
semiconductor.

Another possibility is that in the study by Liu et al. the depletion region of
un-doped anatase was significantly wider than that of the anatase nano-tubular film,
due to the N and F impurities in the nanotube film decreasing the strength of the
field and efficiency of charge separation. However, this would probably also apply
to the films of Tian and Tatsuma.

Furthermore, there is a feature of Nishijima’s study [32] that also casts doubt on
the DET theory. The general picture presented is that of electron transport by the
action of the electric field at a Schottky barrier between gold and TiO2. However, in
their case, there was a 2 nm thick titanium layer between the gold and TiO2, so that
the TiO2 should have formed an ohmic contact with the Ti. While there is only
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2 nm of Ti, there should be sufficient charge carrier density in both the Au and Ti to
compensate for the differences in Fermi levels (work functions) between the metals
and the oxide. The differences in Fermi levels at the Ti–Au interface should not
present a barrier to charge movement from Au to Ti or from Ti to TiO2. The Ti
should have been screened the Au from the TiO2, unless the Au was determining
the equilibrium potential. It is noted that in the study by Knight et al. [52] that there
was also a Ti layer between the AuNRs and Si substrate. This too should have
prevented the formation of a Schottky barrier between the Au and Si.

Of course, the systems studied by the Tatsuma group and other groups did not
include a Ti interlayer, so they would form a Schottky barrier between the anatase
TiO2 and Au. This might indicate that either a different mechanism was at work in
each and every case, or that a mechanism that is not dependent on the presence of a
Schottky barrier is acting.

Where the TiO2 is directly in contact with the electrolyte, however, there should
be a semiconductor-liquid junction of the Schottky barrier type, in addition to a
Schottky barrier or ohmic contact at the semiconductor-metal junction. This com-
plicates the analysis and understanding of the system significantly and is beyond the
scope of this review. Further information can be found elsewhere, such as in the
chapter by Allongue, in Modern Aspects of Electrochemistry [74], which discusses
the effect of metal-semiconductor junctions in electrochemistry.

This is not to say that DET could not be the active mechanism. But this critical
review serves to highlight the fact that it has not yet been proven conclusively to be
operative. A theory of plasmonic photocurrent that can be tested rigorously is
presently lacking in the literature.

2.11 Oriented Thin Films of TiO2

Surface modification of TiO2 by gold nanoparticles has been reviewed previously.
Another aspect of this thesis is to investigate the surface of TiO2 itself.

As described in results Chaps. 7 and 8, part of the project required the growth of
epitaxial thin films of TiO2 with different orientations, principally rutile (110),
anatase (101), (100), and (001). The films were to be used to study the dependence of
water adsorption and charge transfer on specific features of these surfaces, and to
help to validate the theoretical modelling part of the wider research programme. In
particular, a parallel project under the same Programme Grant investigated the
adsorption modes of water on the rutile (110) surface using density functional theory
computations [75]. For anatase TiO2, water is also known to adsorb both molecularly
and dissociatively, e.g. at oxygen bridging vacancies, depending on the polymorph
and the surface exposed, in addition to factors such as temperature [76–78].

The focus of this section of the literature review is to identify a range of growth
conditions to begin investigating how best to form the oriented thin films. Further
publications are discussed in Chaps. 7 and 8 of this thesis reporting the growth of
TiO2 thin films by pulsed laser deposition (PLD).

38 2 Literature Review

http://dx.doi.org/10.1007/978-3-319-34229-0_7
http://dx.doi.org/10.1007/978-3-319-34229-0_8
http://dx.doi.org/10.1007/978-3-319-34229-0_7
http://dx.doi.org/10.1007/978-3-319-34229-0_8


The background to the need for oriented TiO2 thin films is given in brief. It is
possible to purchase high quality single crystal rutile substrates with a range of
orientations including (100), (001), (110), and (011). These single crystals can also
be doped with a range of other elements and can be grown using high temperature
processes such as the Verneuil process. As such, it is relatively straightforward to
obtain high quality ‘ideal’ surfaces to study and compare their properties and
behaviour with computational predictions. In the case of anatase, it is not possible
to grow high quality single crystals with control of the purity, as an anatase pre-
cursor would be required. To date only the synthesis of micron sized single crystals
of anatase has been achieved [79]. It is likely that the high temperatures required to
fuse, say an anatase powder, would result in a phase change from anatase to rutile,
preventing the growth of millimetre scale single crystals. At present, most surface
science studies of anatase single crystals have been carried out on naturally
occurring samples of uncontrolled purity. An alternative approach is to grow epi-
taxial thin films of anatase on other single crystal substrates [80]. An advantage of
growing anatase films is also the flexibility of doping the films during the growth
process.

It is possible to deposit films of either the rutile or anatase morphology of TiO2,
and with different crystallographic orientations, by changing either the substrate
[81] and/or varying the deposition temperature and pressure [82]. The initial lit-
erature search concentrated on identifying a range of suitable substrates, which act
as the growth template, for films with a range of low index orientations e.g. (100),
(001), (101).

Silva et al. [81] investigated the growth of TiO2 films on a range of cubic single
crystal substrates, including MgO, LaAlO3, and SrTiO3, on which the films were
grown by pulsed laser deposition (PLD) at an oxygen partial pressure of 10 Pa. The
laser fluence was set to 2 J cm−2 with 2 Hz repetition rate, while the deposition
temperature was varied. All films were deposited from a sintered rutile target. The
advantage of PLD is the possibility of growing a low temperature phase from a high
temperature phase target.

Silva et al. [81] found that on both LaAlO3 (100) and SrTiO3 (100), the films
were anatase with a (001) orientation, i.e. the a and b axes of the unit cell grew in
plane, with the c axis perpendicular to the interface of film and substrate. This was
unsurprising, giving the close match of the a/b lattice parameters: 3.9050 Å for
SrTiO3, 3.792 Å for LaAlO3, and 3.7852 Å for anatase. The ordering of the film on
LaAlO3 was seen to be better than the film on SrTiO3, due to the better lattice match
with anatase. On MgO (100), the films grew as anatase (100), i.e. the anatase c axis
was in the plane of the interface between the film and the substrate. The authors
suggested an epitaxial relation for the anatase film on MgO, which the author of this
thesis believes to be in error (see Chap. 8). The epitaxial relation of anatase to MgO
is discussed in detail in Chap. 8 of this thesis.

The same authors also grew anatase (102) films on SrTiO3 (110) and rutile
(110) on MgO (110). Films grown on (1�100) M-plane sapphire were rutile (001);
those grown on (0001) C-plane sapphire were a mixture of anatase and rutile, and
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those grown on (1102) R-plane sapphire were rutile (011). The study of Silva et al.
also tabulates the results of numerous studies on the growth of epitaxial TiO2 films
on single crystals by a range of deposition methods.

Table 2.1 suggests some suitable substrates and conditions for TiO2 thin films
that were used as a starting point to produce oriented films of anatase (101), (100),
and (001), which were of primary interest. The growth of anatase (101) films is
discussed further in the following section.

It is also possible to grow epitaxial TiO2 films on Si substrates using an inter-
mediate buffer layer of SrTiO3 or TiN prior to the deposition of TiO2 [85–87].

It is also noted that certain surfaces of films are more likely to form than others,
due to having a lower surface energy; e.g. rutile (110) and anatase (101) are most
likely [88]. This can be seen in studies with films deposited on amorphous sub-
strates, on which the films were amorphous on deposition and annealed thereafter;
higher annealing temperatures resulted in rutile instead of anatase. These films are
discussed further in the following section.

2.12 Conductive TiO2 Thin Films

Growth of conductive TiO2 thin films were investigated due to the interest in;
making surface measurements, and using the thin films as electrodes. In both cases,
the films would need to have a measure of conductivity to allow the current-voltage
response to be established. Un-doped TiO2 films are too resistive for use as elec-
trodes and cannot be imaged by scanning tunnelling microscopy (STM).

Several publications have demonstrated that it is possible to grow crystalline
anatase films with a (101) orientation on borosilicate glass [82, 83, 89–91]. The
publications all stem from a group at the Kanagawa Academy of Science and
Technology, Kawasaki, Japan. The group reported the growth of a transparent
conducting oxide comprised of Nb-doped anatase TiO2 [89]. The initial films were
grown on SrTiO3 single crystals, and demonstrated resistivity on the order of
10−3 X cm with doping by Nb of 1 % and above [89, 90]. The same authors grew
Nb0.06Ti0.94O2 films with the (101) orientation on borosilicate glass, and demon-
strated that annealing the films in H2 resulted in lower resistivity. They then

Table 2.1 Potential substrates and temperature for growth of oriented TiO2 films by pulsed laser
deposition

Orientation Substrate Temperature (K) Reference

Rutile (110) Glass/FTO
MgO (110)

>873 Hitosugi et al. [83]
Silva et al. [81]

Anatase (101) Glass/FTO Hitosugi et al. [83]

Anatase (100) MgO (100) <873 Silva et al. [81]

Anatase (001) STO (100)
LAO (100)

873
873

Silva et al. [81]
Hsieh et al. [84]
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investigated the effect of growing the films at room temperature followed by
annealing in H2; films grown at room temperature where amorphous, but when
annealed subsequently appeared to be more crystalline than the films grown at
temperature. The films deposited at room temperature also appeared to be more
uniform with a flat surface and an absence of visible grains compared to the films
deposited at temperature.

The films grown on borosilicate glass appeared to be comprised of (101) ori-
ented grains only. On this basis, borosilicate glass and fused silica was identified as
potential substrates for the growth of (101) oriented films, as presented in Chap. 7
of this thesis.

The observation of conductivity in the Nb-doped anatase films was also
promising, as it suggested that it would be possible to deposit conductive films that
might be suitable for study by surface probe techniques, such as STM.

In this project, given the interest in Nb-doped TiO2 for both the thin film
deposition and as the substrate for the high performance plasmonic photocurrent
generation reported by Nishijima et al. [34], a review of the defect chemistry of
TiO2 and Nb-doped TiO2 was undertaken and is presented in Appendix A. This is
discussed further in Chap. 7, which reports the growth of anatase films with
Nb-doping. The effect of doping on the stability of anatase is also discussed. The
reason for including the defect chemistry in such detail was that it was reviewed in
detail to try to understand why TiO2 films doped with Nb failed to demonstrate
measurable levels of conductivity. Additionally, it was used to try to understand the
differences between Nb-doped and reduced rutile, as reported in Chap. 6.

2.13 Summary of Literature Review

The preceding literature review focuses on two main areas: plasmonic Au-TiO2

photo-anodes for solar water splitting, and to a lesser extent TiO2 thin films and the
defect chemistry of Nb-doped TiO2.

The review of Au-TiO2 was used to organize and contrast themes in the many
studies regarding its use in photo-electrochemical cells. The purpose was to try to
understand if the mechanism of plasmonic water splitting had been previously
elucidated in the literature. Based on the current literature, it appears there are
several mechanisms proposed, based on experimental observation, but no theoret-
ical framework that adequately describes the process of that can be used to predict
or analyse the performance of Au-TiO2 photo-anodes. However, a paper published
by Sundararaman et al. before final submission of this thesis appears to be begin-
ning to develop a theoretical framework [57].

The review was also used to inform the choice of direction for the experimental
work presented in Chaps. 5 and 6 of this thesis. Based on the work of Nishijima
et al. rutile (110) single crystals doped with Nb were identified as a substrate
capable, in principle, of high performance. The suggestion by Liu et al. that dopants

2.12 Conductive TiO2 Thin Films 41

http://dx.doi.org/10.1007/978-3-319-34229-0_7
http://dx.doi.org/10.1007/978-3-319-34229-0_7
http://dx.doi.org/10.1007/978-3-319-34229-0_6
http://dx.doi.org/10.1007/978-3-319-34229-0_5
http://dx.doi.org/10.1007/978-3-319-34229-0_6


might be partly responsible led to the decision to compare Nb-doped and un-doped
rutile (110) single crystals.

The review of TiO2 thin films was used to identify initial growth conditions and
substrates for pulsed laser deposition of thin films. The aim of the experimental
work was to identify the particular conditions required in the apparatus available,
rather than in general. As such, an exhaustive review of TiO2 thin films was felt to
be unnecessary. The focus of the work reported in Chaps. 7 and 8 was to map out
the parameter space of the equipment.

The review of the defect chemistry of TiO2 was carried out (and included here)
as it provided useful information on the behaviour of both Nb-doped and reduced
TiO2, which is relevant to the work on both the Au-TiO2 photo-anodes and the
deposition of thin films.

In the following chapter, the principles of photo-electrochemical cells as applied
to TiO2 are covered in greater detail, and lead into the experimental methods used.
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