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Abstract
Growing global energy demands and an increased environmental awareness have resulted in a demand for
renewable energy sources. Photocatalytic water splitting has long been explored as a direct solar-tochemical energy conversion method in the hopes of creating a sustainable, emissions-free hydrogen
production process. In this thesis we present the first focused effort on hydrogen production via
photocatalytic water splitting in a UV-irradiated fluidized bed reactor. This novel approach was taken to
address the mass-transfer effects, poor radiation distribution, parasitic back-reaction and photocatalyst
handling difficulties that limit the efficiency and scalability of existing water splitting systems.

By fluidizing platinum-deposited TiO2 spheres in a 2.2M Na2CO3 solution, steady hydrogen production
rates of 211 µmol/hr with an apparent quantum efficiency of 1.33% were achieved upon UV-irradiation.
This represents a marked 44% increase in efficiency when compared to results obtained by suspended
slurry TiO2 photocatalysts in the same reactor. A mathematical model describing the performance of the
fluidized bed water splitting system was derived and then employed to estimate several key parameters.
From the model, it was found that high rates of mass transfer in the separator unit could minimize the
negative effects of the parasitic back reaction and greatly improve the overall rate of hydrogen evolution.
Indeed, it was demonstrated experimentally that slight modifications to the liquid-gas separator to
improve mass transfer resulted in a 350% increase in the rate of hydrogen evolution. The application of
the model to the design of fluidized bed water splitting systems is described.

Advanced, fluidizable nanowire and nanorod photocatalysts that can withstand the rigors of fluidization
are described here for the first time. We present two novel, scalable methods that allow for the growth of
anatase nanowires or rutile nanorods on porous glass particles, whose deep surface features protect the
nanostructured films from mechanical attrition. It was found that the photocatalytic activity of anatase
nanowires grown via a chemical bath deposition process was over three times greater than that of
ii

hydrothermally grown rutile nanorods when employed for photocatalytic hydrogen production and
degradation of a model contaminant (Rhodamine B). The factors controlling nanowire growth and
performance are discussed.
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Chapter 1: Introduction
The global energy demand is projected to increase by 37% by 2040 1 as the world’s population and
economic activity continue to grow. This unprecedented growth is creating a tremendous market pull for
both new power generation capacity and new technologies. Current trends in rising oil and gas prices,
falling renewable energy technology costs, and an increasing public environmental awareness have
resulted in a preference toward renewable energy sources as the world expands its energy production. In
2014, renewable energy sources comprised almost half of all new power generation capacity 2, with solar
contributing approximately one-third of this new capacity 3. This trend is expected to continue as total
global energy production from renewable sources is projected to grow to over 25% in the United States
and Asia, and to 50% in the European Union by 2040 2.

Hydrogen has long been touted as the clean fuel of the future, boasting zero emissions when used in
combustion engines and fuel cell systems. However, the majority of the 254.5 billion cubic meters of
hydrogen produced globally in 2013 4 was produced via methane steam reformation as electrolysis
remains prohibitively expensive. While hydrogen-based energy technologies may indeed be efficient and
low-carbon emitting, their cumulative ecological impact will be significant if hydrogen production from
conventional fossil fuel sources continues, especially as adoption of these technologies grows.

Solar energy is one of the most abundant renewable energy sources yet its market adoption has been slow
compared to other renewable energy technologies due to the relative high cost of photovoltaic technology
and the difficulty in storing large quantities of solar energy to meet night-time, seasonal and
transportation-related energy demands. Success, however, may be realized through the marriage of solar
energy and hydrogen production, giving rise to the creation of a Solar-Hydrogen Economy 5–7. While high
efficiency photovoltaic cells and electrolysers may be combined to produce hydrogen in a truly clean,
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efficient process –thus expanding the applicability of solar energy through the use of hydrogen as an
energy carrier – the cost of such a system remains prohibitively high 8,9.

Heterogeneous photocatalytic water splitting over semiconductor materials has been identified as a
potential low-cost and environmentally friendly alternative for solar hydrogen production 7,10,11. When
semiconductors are illuminated with photons having energies equal to or greater than the band gap of the
semiconductor, electrons (negative charge carriers) are excited from the valence band (VB) to the
conduction band (CB), resulting in the formation of holes (positive charge carriers) in the valence band.
An electric-field gradient in the semiconductor (referred to as the space charge) results in the separation
of the electron/hole pairs. This separation process is critical in reducing the recombination of electrons
and holes, which is greatest source of inefficiency in all semiconductor-based photocatalytic water
splitting processes. Electrons and holes that have migrated to the semiconductor/electrolyte interface are
then able to participate in electrochemical reactions. If the conduction and valence bands of the
semiconductor are situated at potentials sufficiently negative and positive, respectively, water can be
electrolysed, or “split”, to evolve hydrogen and oxygen.

Metal oxide semiconductors, which are typically employed as nanoparticles, have been the most widely
studied photocatalysts for water splitting. Among these, the most popular and heavily researched has been
titanium dioxide (TiO2) due to its abundance, low cost and stability in solution (i.e., does not undergo
photocorrosion). Titanium dioxide has also gained significant attention in air/water treatment processes as
the potential of its valence band results in highly oxidizing photogenerated holes that can decompose even
the most persistent contaminants 12. Indeed, photocatalytic water splitting via TiO2 may even be combined
with other processes, such as wastewater treatment, as the photocatalytic decomposition of organic
pollutants can be used to enhance the rate of hydrogen evolution 13,14.
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Titanium dioxide is typically found in one of three common crystalline structures: anatase, rutile and
brookite. Anatase TiO2 (band gap ~ 3.2 eV) is typically reported to have superior photocatalytic
properties to rutile (band gap ~ 3.0 eV), particularly for water splitting 11,15–21, though anatase can be more
challenging to synthesize as rutile is the thermodynamically favored phase. While water splitting can
occur over TiO2 photocatalysts, the observed rate of hydrogen evolution over bare TiO2 is often low. This
may be remedied by depositing a co-catalyst, such as platinum 22,23, on the surface of the TiO2. It has been
shown that platinum deposited on the surface of TiO2 behaves as a “sink” and effectively withdraws
photoelectrons from the conduction band, which reduces electron/hole recombination 24. The presence of
platinum, however, catalyzes the thermal back reaction of hydrogen and oxygen (to form waste heat and
water), thus reducing the overall efficiency and introducing a complication to the system design (in that
the hydrogen must be quickly separated from the platinum-loaded catalyst). In spite of these drawbacks,
Pt/TiO2 has been demonstrated to be effective and has become the de facto standard in water splitting
research.

The principle disadvantage of TiO2 is that its large band gap limits the use of TiO2 to the ultraviolet (UV)
range of light (3.2 eV ≈ 387 nm), thus reducing its performance in solar applications. According to the
Shockley-Queisser limit 25, a single-junction photovoltaic device under 1 sun of illumination is limited to
a maximum energy conversion efficiency of 30% at an optimum band gap of 1.4 eV. The theoretical
energy conversion efficiency decreases sharply beyond this optimum band gap value, reaching a
maximum efficiency of 5% for the 3.2 eV band gap of TiO2. It should be noted that while the ShockleyQueisser limit was developed for p-n junction photovoltaic devices and its results may not directly apply
to water splitting materials (i.e. semiconductor nanoparticles suspended in water), it serves as a useful
approximation of the maximum efficiency that might be achieved for a given material and band gap.
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Much of the recent research in water splitting has focused heavily on improving the solar-to-hydrogen
(STH) energy conversion efficiency and extending water splitting activity into the visible region of the
solar spectrum through alternative photocatalyst materials 11,26–32, the modification of TiO2 10,11,33–36, and
high-efficiency photoelectrochemical cell (PEC)-type water splitting systems 37–39. The solar-to-hydrogen
efficiency may be defined as:

!net ∆!!!,!2!
!"# =
!!"! !

(1)

where Rnet is the net rate of hydrogen evolution, ΔGof,H2O is the Gibbs free energy of evolving 1 mole of
hydrogen from water (237 kJ/mol) and Ptot is the total incident solar power (mW/cm2) entering a reaction
space of cross section area A (cm2). Though the Shockley-Queisser limit states that maximum energy
conversion efficiency is achieved at a band gap of 1.4 eV, which provides a photopotential greater than
the 1.23 V required to electrolyze water, additional voltage needs to be generated to overcome the
electrochemical losses arising from the oxidation and reduction reactions. In practice, this requires
semiconductors with band gaps greater than 2.0 eV and, in turn, limits the maximum practically attainable
STH efficiency of water splitting systems to 10% or less 28.

Despite the incredible progress in water splitting materials research, little attention has been given to the
design of solar-to-hydrogen systems. Indeed, few unique photocatalytic water splitting systems have been
demonstrated at bench- 14,28,40–43 or pilot-scale 44–48. Moreover, none of the pilot scale demonstrations
could carry out direct water splitting and thus required the use of sacrificial reagents, such as methanol, as
hole scavengers. One group of researchers has argued that – through intelligent, low-cost system design –
it may be possible to produce hydrogen at a cost competitive to gasoline (on an energy basis) via
photocatalytic water splitting at STH efficiencies of 5-10% (and possibly lower) 49–51. As these STH
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efficiencies are within the reach of current water splitting photocatalysts, there is a strong impetus to
explore and develop new, low-cost and scalable water splitting reactor designs.

Scaling photocatalytic reactors is inherently challenging because in addition to the typical technical
challenges encountered when scaling any chemical process – be it kinetic, thermodynamic or fluid
dynamic – the need for effective radiation distribution throughout the reactor places additional constraints
on the physical dimensions of the reactor 52. Similarly, the type of photocatalyst employed will
dramatically affect the range of possible designs. Nearly all water splitting photocatalysts employed to
date (including TiO2-based photocatalysts) can be classified as either Immobilized Thin-Film or
Suspended Slurry photocatalysts. In photocatalytic reactors employing immobilized films, the
photocatalyst is affixed either to a stationary media or to the walls of the photoreactor itself. Conversely,
in photocatalytic reactors utilizing suspended slurries, the photocatalyst particles (typically as
nanoparticles) are dispersed in the liquid phase (i.e., water). The nature of the photocatalyst type presents
its own strengths and challenges when scaling to large photoreactor designs (summarized in Table 1).

As immobilized photocatalysts are deposited on substrates as films, only a limited amount of the
photocatalyst surface area is in contact with the liquid phase. Moreover, immobilized films may be
hindered both by mass transport at both the liquid/film interface (i.e., boundary layer) and diffusion in the
pores of the film 53,54. Mass transfer to the film is of concern when a sacrificial reagent is employed, while
poor mass transfer of the evolved hydrogen and oxygen from platinum-loaded photocatalyst films may
result in the exacerbation of the back reaction of hydrogen and oxygen. Once the product gases have been
removed from the immobilized films, however, they may be swept away from the reactor volume quickly
without further back reaction. This is in contrast to suspended slurry photocatalysts, where the product
gases remain in contact with the platinum-loaded photocatalyst particles for extended periods of time.
5

Indeed, Escudero et al. 55 demonstrated that, while solid-to-liquid mass transfer may be high for
suspended slurry photocatalysts, the liquid-to-gas mass transfer step is rate limiting and that low liquid-togas mass transfer rates result in reduced hydrogen evolution due to the platinum-catalyzed back reaction.

Table 1: Comparison of existing water splitting photocatalyst methods

Immobilized Thin Film
Photocatalyst (ITP)

Suspended Slurry
Photocatalyst (SSP)

Radiation
Distribution

Poor

Excellent, when SSP
concentration optimized

Mass Transfer

Poor

Excellent, though Là G
mass transfer may be
limiting

Photocatalyst
Surface Area to
Reactor Volume

Low

High

Advanced,
nanostructured film
possible

Limited

Excellent

Challenging

Poor

Poor

Photocatalyst Design
Flexibility
Separation of
photocatalyst from
reaction products
Scalability

Suspended slurry photocatalysts, typically have both excellent radiation distribution and high surface
area-to-reactor volume ratios, provided that the concentration of the photocatalyst is optimized for the
given design. If the photocatalyst concentration is too low, photons may simply pass through the reactor
volume to be absorbed at the outer reactor wall. If the concentration is too high, light will be unable to
penetrate throughout the reaction volume. This becomes particularly problematic when using
photocatalysts containing platinum deposits since the photocatalyst particles in the shaded regions of the
reactor only serve to promote the parasitic back reaction of hydrogen and oxygen. Unlike suspended
slurries, the radiation distribution on immobilized films is often poor due to scattering and reflection of
incident light from the film surface. However, as the photocatalyst is anchored to a substrate, it is possible
to reduce this effect and improve the performance of the immobilized photocatalysts through the use of
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nanostructured films 28,56,57. Vertically-aligned nanowires, grown on the immobilized substrate with their
long-direction collinear with the direction of incident light, allow for rapid charge transfer in their short
radial direction while providing maximum light absorption along their length 51. Similarly, films of
nanowire arrays are able to scatter light horizontally into the film (rather than away like a planar surface),
thus further reducing losses due to scattering. While it may be possible to employ unique photocatalyst
particle shapes in suspended slurries for improved performance 19,58–60, it is impossible to hold them in a
fixed orientation to enhance both light absorption and charge transfer in the same manner as
nanostructured films. Scaling systems that utilize suspended slurries of shape-engineered photocatalyst
particles may also prove to be challenging as it has been shown that high shear stresses – such as those
developed by stirring, pumping and high flow rates – can result in the damage/destruction of
nanoparticles 61.

Photocatalytic fluidized bed reactors were initially developed as an alternative to suspended slurry
photocatalysts used in water treatment as the fluidizable photocatalyst particles can be easily separated
from the liquid phase (much like immobilized thin-film photocatalysts). These fluidized bed reactors
function by suspending (i.e., fluidizing) particles throughout the reactor volume by the upward flow of a
liquid phase, resulting in excellent mass transfer, good radiation distribution, and high photocatalyst
surface area-to-volume characteristics approaching those of suspended slurry photocatalysts 62–64. Indeed,
UV-irradiated photocatalytic fluidized bed reactors employing TiO2-coated particles have demonstrated
contaminant decomposition performances equal to or exceeding those of suspended TiO2 nanoparticles
slurries; quantum yields as high as 37% have been reported, indicating that fluidized beds may be the
most efficient among competing photoreactor designs 65–67. Several researchers have developed a number
of excellent models describing the complex fluid dynamics, reaction kinetics and radiation propagation
occurring within the bed of fluidized photocatalyst particles 62,63,68–70, allowing for systems to be designed
and scaled with relative ease. To date, a number of pilot-scale fluidized photocatalytic water-treatment
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systems have been successfully developed using both UV lamps 71–73 and natural sunlight 74–76 to
demonstrate their economic and technical feasibility.

We hypothesize that a UV-irradiated fluidized bed reactor employing Pt-TiO2 photocatalysts may serve as
an efficient platform for the future design of photocatalytic hydrogen production systems. Photocatalytic
fluidized bed reactors are expected to allow hydrogen and oxygen evolved through water splitting to be
quickly and easily separated from the photocatalyst particles, thus reducing efficiency losses through the
platinum-catalyzed back reaction. At the same time, these photoreactors are thought to offer excellent
mass transfer, good radiation distribution, and high surface area-to-volume characteristics similar to those
observed with suspended slurry photocatalysts. Therefore, it can be anticipated that photocatalytic
fluidized bed reactors may yield hydrogen evolution performance similar to, or greater than, that achieved
by suspended slurry Pt-TiO2 photocatalysts. Finally, as the photocatalyst particles can be produced by
depositing the semiconductor material into inert, fluidizable supports (in a similar fashion to immobilized
thin-film photocatalysts), it may be possible to design advanced photocatalyst particles with
nanostructured features, such as vertically aligned nanowires and -rods, that are otherwise impossible
with suspended slurries. To date, no known attempt toward photocatalytic hydrogen production in a UVirradiated fluidized bed reactor has been reported in literature. Moreover, no reports regarding the
application of robust, fluidizable nanowire-deposited photocatalysts, nor a method for their large-scale
manufacture, have ever been reported.

1.1

Thesis Layout

The focus of this thesis is to develop a UV-irradiated fluidized bed reactor system for photocatalytic
hydrogen production, with a goal being to improve upon issues currently limiting the efficiency and
scalability of classic approaches (such as suspended slurry TiO2 photocatalysts). The key objectives of
this work are to:
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1. Develop and demonstrate a photocatalytic fluidized bed reactor system for hydrogen
production

•

The design and fabrication of the experimental equipment and setup

•

Achieve hydrogen evolution performance comparable or equal to that of existing
approaches to photocatalytic water splitting

2. Develop functional TiO2 water splitting photocatalysts suitable for use in fluidized beds reactors
•

Produce a fluidizable photocatalyst that is mechanically stable and active over an
extended period of time.

•

Develop up to three photocatalyst designs that may yield high performance and/or
strength.

3. Identify the primary factors determining the operation and performance of the fluidized bed
reactor and photocatalyst
•

Factors such as photocatalyst design and fluidization characteristics, the design of the
fluidized bed system and operating conditions will be considered.

In Chapter 1, a background on titanium dioxide photocatalysts and their synthesis is presented. The effect
of several operational parameters, their effects on water splitting performance, and the design of
fluidizable TiO2 photocatalyst particles is then discussed. Considerations regarding the design and
synthesis of advanced nanostructured photocatalysts are presented.

In Chapter 2, the behavior and water splitting performance of a UV-irradiated fluidized reactor is
presented. It is shown that simple, fluidizable TiO2 photocatalysts (having a structure consisting entirely
of porous TiO2) are able to evolve hydrogen at steady rates up to 211 µmol/hr and exhibit a 44%
improvement in efficiency over that observed for a suspended P25 TiO2 photocatalyst slurry employed in
the same reactor system. The material in this chapter is currently in preparation for journal submission.
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In Chapter 3, a discussion on the theoretical aspects of fluidized bed operation is presented and a
mathematical model that defines the critical parameters determining the rate of hydrogen evolution is
derived. It is shown that the model fits closely with the data presented in Chapter 2. Through analysis of
the model and experimentation, it is revealed that the rate of liquid-to-gas mass transfer in the separator
unit has a significant impact on the observed rate of hydrogen evolution. The material in this chapter is
currently in preparation for journal submission.

In Chapter 4, a novel method for the low-temperature growth of 2.45 µm long anatase nanowires is
presented. The photocatalytic performance of the anatase nanowires is compared with that of P25 TiO2
films and hydrothermal-grown rutile nanorods. The material in this chapter is currently in preparation for
journal submission.

In Chapter 5, the synthesis of nanostructured photocatalysts on porous, fluidizable particles is
demonstrated for the first time. In this chapter, two methods for the production of fluidizable nanowireand nanorod-deposited particles, and their photocatalytic water splitting performance are presented. The
use of porous, fluidizable particles was highly effective in preventing attrition of the nanowire/rod films
during fluidization. The material in this chapter is currently in preparation for journal submission.

In Chapter 6, the research outcomes, significance and ultimate impact of the work presented in Chapters
3-6 are summarized, and recommendations for further research are proposed.
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1.2
1.2.1

Literature Review
Semiconductor Theory

In 1971, Fujishima and Honda presented the first known example of photoelectrochemical water splitting
using a TiO2 elecrode 77. The following year they described the minimum requirements needed for water
splitting, indicating that it was possible for the reacion to occur without the need for an external bias
potential 78, thus marking the beginning of photocatalytic water splitting.

In semiconductors there exists a region in the energy band structure, called the band gap, where electrons
are forbidden to propagate due to a lack of energy states. However, when the semiconductor absorbs
photons of sufficient energy, electrons are excited across the band gap region from the valence band (low
energy state) to the conduction band (high energy state). More specifically, the energy of the photon must
be equal to or greater than the band gap energy, EG:

ℎ!
≥ !!
!

(2)

where h is Planck’s constant (4.135x10-15 eV.s), c is the speed of light (~3 x 108 m/s) and λ is the
wavelength of the photon (m). When an electron is promoted to the conduction band, a positively charged
site, referred to as a “hole”, is formed in the valence band. The holes may be treated as positive charge
carriers – much in the same way electrons are negative charge carriers – that can undergo transport
through the valence band. For n-type semiconductors that have an excess of electrons, such as TiO2,
electrons are the majority charge carrier while holes are the minority charge carrier. The free electrons
in the conduction band and the holes in the valence band are capable of participating in electrochemical
reactions, such as the electrolysis of water.
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Figure 1: Band energy diagram showing (1) the promotion of an electron to the conduction band,
(2) the recombination of e-/h+, and (3) charge separation arising from band bending (VB) in the
depletion layer (of width, W)

The Fermi energy of a semiconductor represents an energy level where an electron’s potential energy is
equal to its chemical energy or, alternatively, the Fermi energy may be thought of as the energy level that
has a 50% probability of being occupied by an electron. For n-type semiconductors, the Fermi energy is
situated slightly below the conduction band energy. When a semiconductor and an electrolyte are brought
into contact, they tend toward electrochemical equilibrium. If the Fermi energy of the semiconductor is at
a higher energy than the redox potential of the electrolyte, there is a transfer of charge from the
semiconductor to the electrolyte until the Fermi energy and redox potential are equal. This charge transfer
results in the formation of a depletion layer, a positive space charge region, in the semiconductor and an
electric double layer in the electrolyte at the semiconductor-electrolyte interface. As a result, there exists
an electric field in the semiconductor that locally alters the conduction and valence band edge energies
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near the interface; the band gap energy remains the same but the conduction and valence edge energies
are shifted with respect to their level throughout the bulk of the semiconductor.

This process, known as band bending, is greatly important to photocatalytic water splitting as the electric
field created by the depletion layer results in the separation of electrons and holes. If photogenerated
electrons and holes are not separated, they undergo recombination to produce waste heat. The
recombination process occurs at a rate several orders of magnitude higher than that of the water splitting
reaction 79, and is the greatest source of inefficiency limiting performance. If photons are absorbed within
the depletion layer, the electrons drift toward the bulk of the semiconductor while holes percolate to the
semiconductor-electrolyte interface. If photons are absorbed in the free-field region, where there is no
band bending, or if the semiconductor is fully depleted (i.e., it lacks sufficient majority charge carrier
concentration to support an electric field), there is no electric field present to separate the photogenerated
electrons and holes, and thus they rapidly recombine. The degree of band banding, VB, and the physical
width of the depletion layer, W, are important considerations in the design of photocatalyst particles at the
nano- and micro-scale level, as will be discussed later.

Electrons and holes that avoid recombination are able to migrate to the surface of the semiconductor
where they may drive electrochemical reactions, provided the conduction and valence band energies are
ideally situated (Figure 1). If the valence band energy, EV, of the semiconductor is lower than the
oxidation energy of water, Eo (O2/H2O) = -1.23 eV, electrons will be transferred from water molecules to
the valence band holes, evolving oxygen and protons. Similarly, if the conduction band energy is greater
than the hydrogen evolution energy, Eo (H+/H2) = 0.00 eV, electrons will be transferred from the
conduction band to reduce protons, thus evolving hydrogen. The absorption of photons by TiO2 and the
subsequent water splitting steps may be written as:

13

!"!!

!!

! ! + ℎ!

2!! ! + 2ℎ!
2! ! + 2! !

!! + 2! !
!!

From the mechanism above, it can be seen that two electrons and two holes are required for each H2 and
O2 evolved, respectively (however, there have been recent reports suggesting O2 evolution requires fourhole chemistry 80). While the above mechanism is commonly presented in literature, it should be
understood that this mechanism is only valid in acidic conditions (whereas basic conditions are typically
employed in practice) and the true mechanism under different reaction conditions is poorly understood at
the present time. The effect of reaction conditions on the mechanism and possible reaction steps are
discussed further in Section 1.2.5.3 and Chapter 3.

The quantum efficiency of the process may be defined as the ratio of the number of reacted electrons to
the number of absorbed photons. However, determining the actual quantity of photons absorbed by a
photocatalyst is challenging, and it is common for the overall efficiency of a water splitting process to
instead be quantified by the Apparent Quantum Efficiency (AQE), defined by 26,81:

!!"# =
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(3)

The apparent quantum efficiency is an important figure of merit for making accurate comparisons with
other reported results. The overall energy conversion efficiency of the water splitting process, particularly
in systems that utilize artificial light sources, may be defined as the ratio of energy output as hydrogen to
the energy input required by the system:
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where Rnet is the net rate of hydrogen evolution, ΔGof,H2O is the Gibbs free energy of evolving 1 mole of
hydrogen from water (237 kJ/mol), and Psys is the total power input to the system. For most systems, Psys
is simply the energy input required by the light source, while for larger systems this value would include
the energy requirements for pumps, etc. It should be noted that overall water splitting efficiency is of the
same form as the solar-to-hydrogen efficiency (STH) defined in the previous section.

1.2.2

Introduction to Titanium Dioxide

Titanium dioxide (TiO2) is an abundant, low-cost metal oxide semiconductor that gained its initial
popularity due to the pioneering work by Fujishima and Honda 77,78, who used TiO2 for the first
demonstration of photocatalytic water splitting. Titanium dioxide has since become one of the most
widely used and studied photocatalysts for a large number of applications 79,82–85, with the treatment of air
and wastewater being chief among them.

While TiO2 may exist in a number of crystalline structures 86–88, it most commonly occurs as anatase
(tetragonal, Figure 2a), rutile (tetragonal, Figure 2b) and, to a lesser extent, brookite (tetragonal, Figure
2c). Of the three, anatase is typically reported to have the highest band gap energy at ~3.2 eV while rutile
has the lowest at ~3.0 eV. The reported band gap energies for brookite range from 3.14 eV to 3.26 eV 89.
Anatase and brookite are both meta-stable phases and will transform to rutile 89, the thermodynamically
stable phase 82, upon heating.
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Figure 2: Crystal structures of a) anatase, b) rutile, c) brookite, and d) the lepidocrite-like
structure of protonated titanates (H2Ti3O7 shown)

Despite having a larger band gap, which pushes the minimum photon energy further into the UV region
(~387 nm), anatase TiO2 is typically reported to have superior photocatalytic properties to rutile,
particularly so for water splitting 11,15–21. Experimental evidence initially found the flat band potential of
anatase to be situated ~0.2V more negative than that of rutile, thus implying that the positioning of the
anatase conduction band energy yields a greater electrochemical driving force for proton reduction in
water splitting 90. While this fact has been hotly debated, it has become the widely accepted understanding
amongst researchers to explain the observed difference in photocatalytic performance between anatase
and rutile. Recent evidence has argued the contrary and has shown that the conduction band of rutile may
in fact be situated ~0.4V more negative than anatase, and that the observed difference in performance
arises from differences in bulk properties 21,91. Nonetheless, anatase is still typically found to be the more
active phase for a number of applications.
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Protonated and ion-exchanged titanates (Figure 2d) are a unique form of titanium oxides having a layered
structure. Titanates are of particular interest because in addition to their own unique properties – such as
the ability to be used for ion-exchange 92 – they can be modified under hydrothermal conditions or by
heating to form rare or metastable phases such as anatase 93,94, brookite 93,95 and TiO2(B) 96,97. This ability
makes titanates excellent precursors for producing shape-controlled particles with a desired phase, as the
low-temperature crystallization of titanate does not result in changes in the morphology of the particles.
Moreover, titanates provide an alternate synthesis route to other methods where rutile would be
thermodynamically favored. Brookite is one of the least studied TiO2 crystalline structures largely due to
the difficulty in preparing phase-pure samples. Zhao et al. demonstrated a facile method to produce
brookite 93,98,99. It was shown that layered titanates that were either fully protonated or fully intercalated
by NH4+ would produce anatase TiO2 upon calcination or hydrothermal treatment, whereas titanates
partially intercalated by both NH4+ and Na+ would result in brookite. It was reported that the difference in
deintercalation rates of NH4+ and Na+ induced a lattice sheer during the collapse of the titanate layers,
causing a reorientation of TiO6 octahedra, leading to the formation of brookite.

1.2.3

Sol-Gel Synthesis and Precursors

The sol-gel process originated in the mid-1800s through the initial studies of the acidic hydrolysis of
tetraethylorthosilicate (TEOS) to form glass-like SiO2 100. This low-temperature technique gained
popularity in the early 1970s for the production of glass/ceramics 101, high-performance optics 101,102,
protective coatings 103–105 and hybrid materials 106.

The sol-gel process involves the evolution of inorganic polymer networks through the generation of a
colloidal suspension (a sol), followed by the gelation of the sol to form a network in a continuous liquid
phase (a gel) 101,107. The evolution of these inorganic polymer networks proceeds through the hydrolysis
and condensation of metal precursors 108. Inorganic metal salts are commonly employed low-cost
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precursors; however, they are often difficult to control as they are highly reactive toward water. In
contrast, metal-organic precursors tend to be preferred over the inorganic metal salts for the manufacture
of porous solids, powders, thin films and ceramics 108. The hydrolysis of metal organics can be easily
controlled via their ligands and reaction conditions 107,109 and their hydrolytic products (typically alcohols)
are easy to remove from the metal oxide network upon drying, resulting in high-purity products. The high
degree of control afforded by the metal-organic precursors allows for the morphology, porosity, particle
size, and resulting crystal phase of the product to be tailored for a desired application 110,111, which has led
to the sol-gel process becoming the preeminent method used for the production of nanoparticulate
photocatalysts. The flexibility of this process even allows for the sol-gel to be reacted with –OH groups
on the surface of preexisting TiO2 particles, to form strong composite materials 112, or on the surface of
silica particles, resulting in a strong chemical bond between the sol-gel coating and the particle 113.

Figure 3: Sol-gel hydrolysis and condensation mechanism

The hydrolysis and condensation of metal alkoxide precursors proceeds through nucleophilic substitution
(Figure 3), resulting in the evolution of water and alcohol. The rate of hydrolysis may be controlled
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through the water content and pH of the solution, thus most sol-gel reactions are typically carried out in
non-aqueous solvents as a means to control the resulting phase and morphology of the product. Over the
past decade, a substantial body of work involving ‘green’ chemistries and softer processing conditions has
been amassed, with techniques being developed with a greater attention toward low-cost, low-energy and
low-waste 114. As a result, a number of non-toxic, water-soluble metal precursors have been
discovered 115.

Metal precursors using lactic and citric chelating ligands have been shown to be water-soluble and a
stable over a wide pH wide range, allowing for safer and easier handling than the highly reactive metal
salt and metal alkoxide precursors. According to Livage’s Partial Charge Theory 107, hydrolysis of a metal
precursor continues until the mean electronegativity of the product is equal to the mean electronegativity
of water (Xr = 2.49). If the ligands surrounding a metal center, for example Ti, are replaced with highly
stable chelates such as lactate, the partial charge on the Ti atom decreases, resulting in a reduced
interaction between the coordinated Ti center and O atoms in water. For our example, using the lactate
coordinate [Ti(la)3]-2 results in the mean electronegativity changing from (Xr = 2.85) for hydrated Ti in
solution, [Ti(H2O)6]4+, to (Xr = 2.39) 115. The introduction of lactate ligands thus drastically suppresses
hydrolysis, allowing the complex to remain stable in water.

Titanium precursors derived from these highly stable, water-soluble complexes may be reacted with H2O2
to produce peroxo-titanium complexes 114,116–120. The peroxo- ligands that coordinate with the Ti center
take on different behaviors with varying pH and, depending on the nature of their coordination, result in
steric constraints that encourage the octahedral growth units to link together through shared apical edges
(resulting in anatase) or through equatorial edges (resulting in rutile) 119. At certain pH values, a mixture
of both apical and equatorial edge sharing can be achieved, resulting in the formation of brookite TiO2.
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The ligands employed in the water-soluble titanium complexes have been shown to also play an important
role during hydrolysis as their hydrolytic products can bind to specific facets of the TiO2 crystallite and
reduce growth in those directions, resulting in anisotropic growth of nanorods and –wires 118,120.
Furthermore, hydrolysis of these water-soluble complexes in peroxide solutions containing suitable
cations, such as NH4+, results in the formation of layered titanate sheets which can spontaneously stack
into nanowire shapes 121,122; these morphologies can then be easily converted to a wide range of TiO2
crystalline structures. In summary, the modern ‘green’ precursors combined with well-known sol-gel
processes holds great potential for the low temperature formation of TiO2. Moreover, by utilizing titanates
as a synthesis pathway, it may be possible to achieve a wider range of crystalline structures not currently
possible with other techniques.

1.2.4

Platinum Loading

It has been demonstrated that the presence of metal deposits – particularly Pt, Pd, Rh, Au and Ag – onto
the surface of TiO2 results in a significant increase in the rate of hydrogen evolution 10,22–24,42,123–125. When
metal nanodeposits, typically noble metals, are placed on the surface of TiO2, the high work function 24
and lower Fermi energies 10 of the metals result in a withdrawal of electrons from TiO2. This charge
redistribution creates localized Schottky Barriers 82 that effectively trap the excited electrons and slow the
recombination of electrons with holes. Moreover, the metal nanodeposits behave as “sinks” and withdraw
photogenerated electrons from the conduction band, thus improving the charge separation and reducing
electron/hole recombination 24.

The addition of platinum nanodeposits (34 Å to 2nm)22,123 onto the surface of TiO2, typically at loadings
of 0.5 wt% to 1 wt% 22,42, was found be effective at increasing the efficiency of the photocatalyst. The
effect of metal nanodeposits has been reported to be size dependent as small Au nanodeposits produced
shifts in the Fermi energy that resulted in higher efficiencies than larger nanodeposits 125.
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Figure 4: Representation of photocatalytic water splitting over Pt-deposited TiO2 nanoparticles
and simultaneous Pt-catalyzed back reaction

While metal deposits typically result in increases in photocatalyst efficiency, they may also display
deleterious effects. It has been demonstrated that the oxidation of Au nanodeposits disrupts the
metal/TiO2 interface, resulting in the deposit behaving as electron-hole traps that promote recombination.
Similarly, platinum and rhodium, which are often found to be some of the best material choices, are
known to promote the thermal back reaction of hydrogen and oxygen to form water and waste heat. The
back reaction is assumed to follow that of the combustion of hydrogen and oxygen over platinum (or Rh):
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A schematic diagram demonstrating the water splitting reaction over a Pt-deposited TiO2 particles and the
simultaneous back reaction is shown in Figure 4. It should be noted that the platinum-catalyzed back
reaction has not been well studied in water splitting systems, and so the mechanism of this process is
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poorly understood. A more thorough discussion of the possible back reaction steps is presented in Chapter
3. It has been demonstrated that platinum loadings beyond 1 wt% decrease the overall rate of hydrogen
production 22,42; it is suspected that this effect is due to the promotion of the back reaction of hydrogen
and oxygen with increasing amounts of platinum on the TiO2 surface. Recent research has seen the use of
Cr2O3 to form shell structures over noble metal deposits, which results in the effective suppression of the
back reaction 27.

The most common techniques employed for the incorporation of metal deposits have been
impregnation 22,126,127, deposition-precipitation 126,127 and photodeposition 126–131, with the photodeposition
method being the best among them. It is classically assumed that in the photodeposition method,
photogenerated electrons reduce platinum (or other metal) precursors onto the TiO2 surface. However,
evidence130 has been shown that suggests that some platinum precursors, when exposed to UV light, will
form platinum metal nanoparticles in solution which then deposit onto the TiO2 surface.

While the photodeposition of metal nanodeposits often results in excellent results, its performance can be
highly dependent on preparation conditions. Sacrificial reagents, such as ethanol, are typically added to
the solution as hole-scavengers in order to achieve higher photo-metalization rates. It was demonstrated
that photodeposition carried out in solutions containing high amounts of ethanol result in CO
contamination of the Pt deposits with subsequently low performance 129; solutions that were comprised
mostly of water, however, avoided this issue and yielded far greater performance. Senevirathna et al. 128
demonstrated that TiO2 photodeposited in a iodoplatinic acid solution yielded hydrogen evolution rates
twice as great as samples photodeposited in a chloroplatinic acid solution. This difference was attributed
to the iodoplatinic acid adsorbing more strongly to TiO2 which resulted in the formation of ultrafine Pt
nanodeposits.
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1.2.5
1.2.5.1

Influence of Operational Parameters
Pressure and Mass Transfer

As discussed previously, acceptable rates of photocatalytic water splitting necessitate the use of platinum
nanodeposits on the TiO2 surface. The presence of platinum, however, catalyzes the back reaction of H2
and O2 to produce waste heat and water. One group of researchers demonstrated in several reports 132–135
that in closed, batch systems containing Pt-deposited photocatalysts, the overall rate of hydrogen
evolution decreased gradually as the evolved product gases accumulated and the system pressure
increased. Moreover, it was observed that system pressures as low as 35 torr were required to achieve
high hydrogen evolution rates and that hydrogen evolution ceased at pressures greater than 250 torr; high
hydrogen evolution rates could be restored by periodically pumping the system to 35 torr. It was found
that artificially increasing the system pressure with either oxygen or argon resulted in the same reduction
in the rate of hydrogen evolution. It was hypothesized that increasing system pressure resulting in
decreased mass transfer from the liquid to gas phase, which in turn promoted the parasitic back reaction
of H2 and O2 over the deposited platinum sites, as well as the photoadsorption of O2 (which serves as a
recombination pathway for e-/h+).

Indeed, Escudero 55 demonstrated that the rate of mass transfer from the liquid to gas phase was the rate
determining step for photocatalytic hydrogen evolution over Pt-TiO2 through the use of a photoreactor
system that was continuous with respect to the gas phase. It was shown that bubbling a sweep gas through
the solution, thus increasing the liquid-gas interfacial area and the overall rate of liquid-to-gas mass
transfer, resulted in an increase in hydrogen evolution. Escudero then demonstrated that, for a continuous
photoreactor system, the rate of hydrogen evolution was independent of the gas-phase hydrogen partial
pressure. It was thus concluded that the reduction in hydrogen evolution observed in closed systems was
due a reduction in the driving force for the rate of mass transfer (from the liquid to gas phase) due to the
accumulation of photoproducts in the gas phase and increasing system pressure. Karakitsou 136 observed a
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similar effect in that an increase in the stirring rate (and therefore, mass transfer) resulted in an increased
rate of hydrogen evolution. It was, however, later argued that this was not due to liquid-to-gas mass
transfer but rather that increased stirring led to increased uniformity of the solution and contact of the
photocatalyst particles with the light.

1.2.5.2

Temperature

The rate of hydrogen evolution from a Pt-TiO2 system was demonstrated 136 to be of the form:
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where the activation energy, Ea, was 21±2 kJ/mol and the pre-exponential factor, k1, was a function of the
solution pH and varied from 930 to 5800 µmol/hr.mg. It can then be expected that the hydrogen evolution
rate will increase with temperature. Therefore, the system temperature should be held constant with a
heat-exchanging device or be allowed to reach a thermal equilibrium before beginning experimental runs.

1.2.5.3

Solution pH and Additives

It has been observed by several researchers that the rate of hydrogen generation is strongly dependent on
the pH of the system and that the rate increases in an exponential fashion with pH 22,132,133,136. Kiwi 22
suggested that the optimal pH of the system should be pH 14; however, some solutions employed to
obtain such high pH values observed the formation of a precipitate in the solution that resulted in
decreased performance due to optical impedance of the photons 133. As such, it is generally found that the
best performance is obtained in the pH range of 11 to 14. It was proposed that at high pH, the high
concentration of surface hydroxyl groups play a role in scavenging holes (thereby reducing
recombination) and preventing the uptake of O2 by the TiO2 surface which would otherwise produce
peroxo groups that reduce the photocatalyst’s performance 22.
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It has been reported by a number of researchers that no oxygen evolution was detected during
photocatalytic water splitting over Pt-TiO2 22,55,80,137,138. Moreover, the initial rate of hydrogen production
was observed to be high, but then decreased with time to a pseudo-steady state. In the classical model for
photocatalytic water splitting presented earlier in this section (including the back-reaction of hydrogen
and oxygen), oxygen is both produced and consumed at a 1:2 stoichiometric ratio with hydrogen, thus
there is reason to suspect that there are intermediate reactions and species involved in the water splitting
process that may account for the missing oxygen.

Several reports demonstrated that hydrogen peroxide forms readily on the surface of TiO2 under UV
irradiation in water. Moreover, it has been demonstrated by nearly all reports of hydrogen peroxide
generation on TiO2 surfaces that the formed peroxide species are not detected in solution, suggesting that
the peroxides do not readily desorb from the TiO2 surface 22,123,139–142, and even remain chemically bound
to the TiO2 surface long after the light source had been removed 140. Harbour et al. observed that titanium
dioxide nanoparticles were capable of containing over 22 chemisorbed H2O2 molecules per square
nanometer of photocatalyst surface area; for titanium dioxide photocatalysts, having an average specific
surface area of 50 m2/g, this represents a significant capacity for adsorbed peroxides 141. Abe et al. also
demonstrated that TiO2 particles that had been irradiated in pure water for 600 hours as part of a water
splitting experiment showed a remarkable decrease in performance over time and were eventually
completely deactivated and could not evolve hydrogen; it was postulated that this was due to modification
of the photocatalyst surface 139. The creation of peroxo-titanium compounds on the surface of the
photocatalyst may result in a loss of surface area and eventual deactivation.

Arakawa and Sayama demonstrated 132–134 that the addition of chemical additives, such as Na2CO3 at a
concentration of 2.2M, would not only yield stoichiometric evolution of hydrogen and oxygen but would
increase the hydrogen evolution rates by nearly 600 fold. The researchers hypothesized that this
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remarkable increase in performance and appearance of stoichiometric evolution may be due to a
carbonate layer forming over the platinum nanodeposits 133,134, which reduces the parasitic back reaction
of hydrogen and oxygen. An alternate explanation was offered that hypothesized that carbonate species
scavenge holes from the TiO2 surface, which in turn may reduce the photoadsorption of O2 (which act as a
recombination pathway for e-/h+) and the formation of peroxo-titanium species (which reduce the number
of active sites). The true cause of the dramatic increase in hydrogen evolution and the appearance of
stoichiometric evolution of oxygen and hydrogen was not satisfactorily explained.

As there is a high potential for the non-stoichiometric evolution of hydrogen and oxygen due to unknown
processes, particularly in experiments where no performance enhancing additives are used, the
composition of the outlet gas stream must be monitored at all times in order to determine the true
hydrogen evolution rate. This may be accomplished by a dedicated on-line gas chromatography system or
mass spectrometer.

1.2.6

Fluidizable Particle Design

The design of the fluidizable photocatalyst particles is of great importance as the high mechanical stresses
experienced by the particle during fluidization often leads to the ablation of the photocatalyst from the
supporting substrate. A number of efforts have been made to produce stable TiO2 coatings on substrate
surfaces. Techniques such as vapor deposition and sputtering 64,66,143,144 typically result in the deposited
film having low porosity and surface area, with subsequently poor photocatalytic performance, as well as
limited adhesion of the photocatalyst to the support. The thermal adhesion of TiO2 143,145–148 involves
nanoparticles, typically commercially available Degussa/Evonik P25, being mixed into a slurry and
deposited on the substrate by dip-coating; the TiO2-coated particles would then be calcined at high
temperatures. This technique was often met with limited success as the TiO2 films were typically ablated
from the surface within hours to a few days of operation. The strength of the TiO2 films could be
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improved with higher calcination temperatures, although this resulted in a reduction of surface area and
photocatalytic activity.

Sol-gel coated substrates have demonstrated improved adhesion and stability over that of thermally
deposited TiO2 films 64,113,145,149,150, however reported results have been highly substrate dependent.
Titanium dioxide sol-gels were prepared through the hydrolysis of typical Ti precursors (alkoxides, TiCl4,
etc), applied to the substrate by dip-coating and then calcined to form crystalline TiO2. Qiu and Zheng 113
reported that the adhesion of both sol-gel and thermally-deposited P25 films on hydroxylated glass beads
was poor, with ~30% and ~40% of the TiO2 particle mass, respectively, being removed from the glass
beads after 2 hours of fluidization. Qiu and Zheng observed the particle loss to substantially decrease to
11% when the sol-gel was applied to silica beads; the high density of –OH groups on the silica surface
allowed the sol-gel to chemically bind to the surface. Fernandez et al. 149 observed good adhesion of a solgel coating applied to quartz and glass, though the substrates were planar substrates and not fluidized. The
researchers found that the photodegradation rate of malic acid over the quartz-supported TiO2 to be an
order of magnitude greater than that of the glass-supported TiO2; this difference in performance was
attributed to the diffusion of Na+ and Si4+ from the glass into the TiO2 during calcination, which acted as
electron/hole recombination centers. Ma et al 150 deposited TiO2 on to clean glass, indium tin oxide-coated
glass (ITO), and p-type monocrystalline silicon (p-Si) via sol gel coating. It was found that each substrate
type not only affected the resulting surface structure, but also the semiconductor behavior of ITO and p-Si
altered the performance of the TiO2. When used for the photocatalytic degradation of Rhodamine B
(RhB), the ITO- and p-Si –supported TiO2 displayed an ~5 times increase in performance over the glasssupported samples as photoelectrons could be transferred from the TiO2 layer to the ITO and p-Si
substrates, thus improving charge separation.
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Keshmiri et al. 112 saw remarkable improvements in both photocatalytic performance and mechanical
strength with the development of TiO2-composite coatings and self-supporting “bulk bodies”. The
composite coatings and bulk samples were prepared by mixing 5 wt% and 15 wt% TiO2 powder into a
sol-gel solution, respectively; the bulk samples were prepared by casting the powder/sol-gel mixture into
plastic dishes. Both samples were found to have high surface areas and exhibit photocatalytic activity
comparable to that of the free powders. Balasubramanian 151,152 and Chen 153–155 applied a similar concept
by forming composites of sol-gel solution and P25 powder. Balasubramanian found that the composite
coating had excellent adhesion to both glass and steel with high photocatalytic activity compared to solgel only coatings; it was found that the sol-gel only coatings lacked porosity and had low surface area,
both of which were increased markedly by the addition of the P25. Chen found that composite solutions
containing 10-50 g/L P25 exhibited excellent adhesion, porosity and surface area; P25 content beyond 50
g/L resulted in a reduction in the strength of the composite film. Both researchers found that the strength
of the composite films increased with increasing calcination temperature, though Chen observed diffusion
of ions from the stainless steel substrate at 600 oC, and thus stated 500 oC provided a better balance
between strength and performance.

Vega et al. 156 expanded on the composite TiO2 approach by developing a process to cast the composite
solution into spherical, self-supporting particles without the need for any supporting substrate; this
approach removed the weak TiO2-support entirely and displayed excellent attrition resistance. The TiO2composite solution was mixed with an acidic chitosan component, which was then dispersed drop-wise
from a burette into a basic bath solution; the high pH of the bath caused the chitosan to undergo rapid
gelation, encasing the composite solution into spherical particles. The particles were then allowed to dry –
during which time they underwent a 90% volume reduction to produce solid TiO2 spheres ~1 mm in
diameter – and then calcined at high temperature (>450 oC). This drying step has an added effect in that
any variations in particle diameter during the forming step become largely negligible in the dry particles,
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yielding a very uniform size distribution. The resulting particles showed excellent photocatalytic activity
and high attrition resistance.

While Vega’s self-supported particle design 156 was highly effective in reducing attrition, the surface of
the photocatalyst is exposed to the bed and thus the particles experience a constant erosion. The research
group of Langford and Kantzas 71–73,157,158 employed an alternative particle design by supporting a TiO2
photocatalyst onto a porous glass substrate. The porous network of the particle created a rough, dimpled
surface into which the photocatalyst could be placed. The particle design was likened to the dimpled
surface of a golf ball, which protected the photocatalyst from ablation, and was found to be very effective
in mitigating photocatalyst attrition. Kanki et al. 65 applied a similar concept with the use of porous
ceramic particle, which was again, found to be highly attrition resistant. Both research groups found that
the photodegration performance of the porous particle design was excellent and comparable to that of
suspended slurries of P25 powder.

1.2.7

Nanowire Photocatalysts

Nanostructured semiconductor films with one-dimensional (1-D) morphologies such as nanowires offer
interesting properties not possible with nanoparticles or planar films 159, especially when the nanowires
are oriented to be collinear with the incident light 160. The high aspect ratio morphology of the nanowires
is intended to overcome limitations of other designs through several advantages:

•

Improved Charge Carrier Pathways
As the bulk of the nanowire mass is distributed in the vertical direction, it provides a large depth
of material with which to absorb incident photon, while the narrow diameter of the nanowires
provides a short pathway for photogenerated charges to pass to the semiconductor-electrolyte
interface 32,161 (Figure 5a). Moreover, as the nanowires tend to be single crystalline along their
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length, many of the grain boundaries present in nanoporous films that serve as charge
trap/recombination centers are removed, yielding improved charge transport and reduced
recombination 162. Indeed, nanowire-structured rutile TiO2 films have demonstrated electron
diffusion coefficients up to 200 times greater than that of nanoporous TiO2 films 163.

Figure 5: Idealized schematic detailing a) light absorption and charge transport in a nanowire,
and b) the improved light scattering and absorption by nanowire films.

•

Improved mass transfer
As nanowire films are structured longitudinally, the largely straight, open spaces between the
nanowires allows for reduced mass transport in the vertical direction 164. In contrast, mass
transport resistance in nanoporous films results in reduced reaction rates further into the bulk of
the film 53; This observation is due to the diffusion of reactants not being rapid enough to
scavenge charge carriers and reduce recombination.

•

Improved Light Distribution
In addition to their vertical alignment allowing maximum photon absorptions, the amount of light
reflected from a nanowire-structured surface is significantly reduced (Figure 5b). Photons
incident on the nanowire film surface at an oblique angle are scattered into the film rather than

30

away 32,161 (as is common with planar films). This aspect of nanowire films has led to their use as
anti-reflective coatings 57.

•

High surface area
The narrow diameters of the nanorods yield high surface area and, unlike nanoporous films where
surface area can be lost due to particle sintering, most of the entire nanorod surface area is in
contact with the electrolyte. This not only increases the number of available reaction sites but also
allows for charge transfer between the semiconductor and electrolyte to occur at low current
densities 32. As resistive and overpotential related losses are proportional to the current density,
the high surface area/low current density should allow for these losses to be minimized.

Foley et al. 161 and Osterloh 32 both highlight a common fallacy among researchers, where researchers
seek to ‘nanostructure’ a particular material as a ‘magic bullet’ that can convert a low-cost, low-grade
semiconductor into behaving like an expensive, high efficient material. While the nanostructuring
approach may indeed yield excellent results for some materials, the effort to do so for others may be
unfounded, and possibly deleterious, as some of the drawbacks of nanostructures may not be compatible
with the given material’s properties. Some of the disadvantages that may arise from nanostructured
semiconductors are:

•

Reduced particle diameters
The diameters of the nanowires may be reduced to a size where they are no longer able to support
a space charge, resulting in a lack of an electric field to drive the separation of electrons and holes
– in this condition, the nanowires are said to be ‘fully depleted’. Nanowires will be fully depleted
if their depletion layer width is greater than the nanorod radius. More specifically, a nanorod is
depleted if:
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where DW is the diameter of the nanowire and W is the depletion layer width. The depletion layer
width may be calculated by:
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where εo is the relative dielectric constant of the semiconductor, VB is the amount of band
bending in the nanowire, e is the unsigned charge of an electron, and ND is the dopant
density 165,166 (~1016 – 1022 cm-3 for TiO2 nanowires/nanorods 34,58,167). If a nanowire is in a fully
depleted state, the lack of an electric field to separate electrons and holes may yield high rates of
recombination. In addition, fully depleted nanowires lack sufficient electron density for electron
transport to occur through drift and instead transport occurs through slower electron diffusion.

A depleted nanorod may avoid high rates of recombination provided that the effective diffusion
length of the charge carriers, L, is much greater than the nanowire radius (i.e., 2L ≥ DW). This
may be understood as, for a given nanowire radius, the rate of diffusion of charge carriers to the
semiconductor-electrolyte interface may be sufficient to avoid high rates of recombination. For ntype semiconductors, such as TiO2, the diffusion coefficient for holes is less than that of electrons
and thus the effective diffuse length of holes is the limiting factor ( as Ln>Lp). The effective hole
diffusion length, Lp, may be calculated by:
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where Dp is the hole diffusion coefficient, τp is the hole lifetime, kB is the Boltzmann constant, T
is the absolute temperature, and µp is the hole mobility 165. In order to counteract recombination
and low band bending (or lack thereof), Foley et al. suggest that when developing nanostructured
films, the primary design objective should be to make the magnitude of minority carrier diffusion
length greater than the nanowire radius 161.

•

Shape Effects
As an extension of the preceding discussion, the shape of a nanowire may produce some
additional effects. As a result of the nanowire growth method, the nanowire may develop a
tapered profile – possibly coming to a point at the end. The radius of a tapering nanowire may
reduce below the depletion layer width and thus recombination will dominate in this region.
Foley et al. 161 modeled tapering nanowires and found that a 33% loss in efficiency may result.
This matter may be exacerbated when utilizing short wavelength light (such as UV light); as the
absorption coefficient for low wavelength photons is expected to be high, the majority of the
photons will be absorbed a the tip of the nanowire in the depleted region – thus the efficiency and
performance will be severely impacted.

•

Increased Surface Recombination
Defects at the surface of semiconductors result in the formation of energy levels within the band
bap region. These energy levels, known as surface states, act to trap both electrons and holes,
thus resulting in an increased rate of recombination 165,168–172. As the number of surface states
increase in proportion to surface area, the high surface area of the nanowires may result in large
surface state effects reducing the surface concentration of charge carriers or promoting
recombination to such a degree that the photocatalytic activity is severely suppressed or lost.
Foley et al. 161 note that the effective hole diffusion length, Lp, must be made sufficiently large,
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such that depletion layer recombination is no longer the limiting factor, before any attempts at
addressing surface state issues are made.

In spite of these potential drawbacks, it has been noted that semiconductors with low charge carrier
mobilities will benefit from nanostructuring efforts and, therefore, TiO2 (having a low intrinsic hole
mobility) may be expected to benefit from such a treatment. Indeed, it has been observed in a number of
reports that both photocatalytic hydrogen production 59,173–175 and water remediation 176–178 were greatly
enhanced by the application of nanostructured photocatalysts. It was observed that, even for nanowires
suspended in solution (where no benefit arising from the nanowires being collinear with the incident
could be realized), the nanowires evolved hydrogen from a methanol/water solution at a rate ~10 times
greater that P25 19. In another report, a suspended slurry of Pt-TiO2 nanowires (aspect ratio 5.9:1) were
found to evolve hydrogen at a rate 1.6 times greater than Pt-TiO2 nanospheres 59. In both of the reports,
the improved crystallinity and reduced charge transfer resistance were attributed to the increased
performance.

1.2.8

Nanorod Growth

One-dimensional nanostructured TiO2 films have been synthesized via a number of methods 86,159,179,
however, hydrothermal growth has proven to of the most facile and popular 167,174,180–188. Hydrothermal
reactions are typically carried out in PTFE-lined steel reactors called hydrothermal vessels (HTV) or
autoclaves. The sealed vessel allows for the reactor temperature to be taken beyond the boiling point of
water, permitting the ability to carry out reactions at high temperature and pressure.

One of the first hydrothermal methods popularized was the TiO2 nanotube method described by Kasuga et
al. 189. This process involved the treatment of TiO2 powders in 10M NaOH at 100 oC for 20 hours,
followed by washing with HCl. However, this only produced nanotubes in solution. In 2009, Liu and
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Aydil 162 presented a hydrothermal growth method that allowed for rutile nanorods to be grown from a
substrate surface and has since become one of the most popular and highly cited methods due to its
relative simplicity. This method employs a solution containing 30 ml H2O, 30 ml HCl and 1 ml of
titanium tetraisopropoxide (TTIP), a titanium alkoxide. This solution is placed in a hydrothermal vessel
along with a suitable substrate, and then heated in an oven at temperatures ranging from 150 oC to 200 oC
for up to 24 hours. The resulting nanorods are of high quality and are mostly single crystalline along their
length. It is believed that the nanorods grow anisotropically due to the fact that rutile crystals grow fastest
in the [001] direction while, at the same time, Cl- ions bind to certain crystal faces and limit diameter
growth 190.

Hydrothermal growth of nanowires is seen as promising for growing nanowires from the surface of
fluidizable particles as the solution-based method allows even nanorod growth over the entire particle
surface, whereas other deposition methods (such as thermal or vacuum methods) are more directional and
may be challenged by irregular substrate surfaces. The drawback to Liu and Aydil’s method is that the
nanorods grow as rutile TiO2 and not the desired anatase phase. Recent research, however, has
demonstrated excellent progress in the development of an anatase nanowire method 184–186,191.
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Chapter 2: Photocatalytic Hydrogen Production in a UV-irradiated Fluidized
Bed Reactor
2.1

Introduction

Photocatalytic water splitting has long been sought after as a direct solar-to-chemical energy conversion
process, with much of the focus on creating a sustainable and emissions-free source of hydrogen.
Titanium dioxide (TiO2) has been one of the most widely researched photocatalyst materials due to its
low-cost and high stability when irradiated in solution 136,137,192. Though the application of pure TiO2 is
limited due to its wide band gap, thus limiting its use to the ultraviolet spectrum, it remains a popular
candidate as a water splitting photocatalyst as the wide band gap provides abundant potential to drive the
photocatalytic decomposition of water.

The photocatalytic splitting of water over titanium dioxide under UV irradiation can be described by the
simplified reaction mechanism below:
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Though the above reaction is possible over pure TiO2 surfaces, the rate of reaction is severely limited due
to a high hydrogen evolution overpotential; however, the hydrogen evolution over potential can be
reduced by depositing platinum nanodeposits (34 Å to 2nm) 22,123 onto the TiO2 surface, typically at
loadings of 0.5 wt% to 1 wt% 22,42. While decorating the TiO2 with platinum allows the hydrogen
evolving reaction to proceed, the platinum sites also catalyze the parasitic back reaction of hydrogen and
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oxygen to form water and waste heat, thus reducing the overall efficiency of the system. The back
reaction is assumed to follow that of combustion of hydrogen and oxygen over platinum:

2!! + !!

!"

2!! ! + ∆ (ℎ!"#)

It has been demonstrated in the literature that platinum loadings beyond 1 wt% decrease the overall rate
of hydrogen production22,42; it is suspected that this effect is due to the promotion of the back reaction of
hydrogen and oxygen with increasing amounts of platinum on the TiO2 surface.

Interestingly, while the addition of platinum to the titanium dioxide surface allows the hydrogen evolution
reaction to proceed (albeit at low rates), it has been demonstrated in a number of publications that, in pure
water, little to no oxygen is detected throughout the course of the experiment 22,55,80,138,139,192. The absence
of stoichiometric oxygen evolution suggests that parasitic or side reactions, not accounted for in the
simplified mechanism presented above, are “trapping” the oxygen and otherwise hindering the reaction.
Sayama and Arakawa demonstrated 133,134 that when photocatalytic water splitting over TiO2 was carried
out in a 2.2M Na2CO3 solution, not only was stoichiometric evolution of hydrogen and oxygen observed,
but the hydrogen evolution rate increased by nearly 600 times. The researchers hypothesized that this
remarkable increase in performance may be due to a carbonate layer forming over the platinum
nanodeposits 133,134, which reduces the parasitic back reaction of hydrogen and oxygen, or an alternate,
more favorable reaction mechanism for water splitting in which carbonate species scavenge holes to
prevent the photoadsorption of O2 and the formation peroxo-titanium species. The true cause of this
impressive increase in the rate of hydrogen evolution and appearance of stoichiometric evolution was not
determined or explained in full.
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Since photocatalytic water splitting over TiO2 was the first demonstrated by Fujishima and Honda 77,78,
TiO2 photocatalysts have typically been deployed as either suspended nanoparticle or as immobilized
films. From a reactor design point-of-view, suspended nanoparticle photocatalysts offer good radiation
distribution throughout the reaction volume, excellent mass transfer and a high photocatalyst surface area
with respect to the reactor volume. In a suspended nanoparticle system, however, the evolved hydrogen
and oxygen remain in contact with the platinum-loaded photocatalyst particles for extended periods of
time, thus exacerbating the parasitic back reaction. From a system design point-of-view, the inherent
issues of nanoparticle photocatalyst handling and the potential environmental impact of nanoparticles 193
limit the scalability and practicality of suspended nanoparticle systems. Immobilized thin film
photocatalysts address some of these design issues in that they offer the practicality of simple
photocatalyst handling, and reduce losses to the parasitic back reaction (as the products and platinumloaded photocatalyst are easily separated). However, immobilized film photocatalysts tend to suffer from
poor radiation distribution, limited rates of mass transfer and low photocatalyst surface area (with respect
to the reactor volume) 54; all of which limit the performance and scalability of immobilized film systems.
It may be possible to combine the advantages of both approaches, while minimizing their inherent
disadvantages, through the use of a fluidized bed reactor.

Fluidized bed reactors operate by suspending particles (larger than the nanoparticles typically employed)
throughout the reactor volume by the upward flow of a liquid phase. When used for photocatalytic
processes, fluidized bed reactors offer improved mass transfer, excellent radiation distribution, and a
photocatalyst surface area-to-volume ratio approaching that of suspended nanoparticle systems 62–64. This
approach also yields fast and simple separation of the reaction products from the platinum-loaded
photocatalyst particles as the products are carried from the reactor by the fluid flow while the
photocatalyst particles are retained in the reactor; the product gases can then be separated from the fluid
by downstream separation processes. Fluidized bed reactors are inherently easy to scale, offer various UV
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lamp configurations, as well as the possibility of using natural sunlight, thus potentially allowing for a
flexible, industrial scale photocatalytic hydrogen production method that can be incorporated into existing
processes or be employed as a stand alone system. A more thorough discussion on the theoretical aspects
of fluidized bed operation and their relation to the observed rate of hydrogen evolution is presented in
Chapter 3.

Fluidization does, however, introduce the issue of mechanical stability, as the photocatalyst particles must
be able to withstand particle-to-particle and particle-to-wall collisions. To our knowledge, there have been
no other reported attempts of photocatalytic water splitting in fluidized beds by other researchers;
however, there have been several endeavors to employ fluidized TiO2 photocatalysts for both air and
water treatment 62,64–66,71–73,113,156–158,194–198. Previously reported attempts of producing fluidized
photocatalysts employ sol-gel 62,64,65,113,156,194–196, slurry dip-coating 71–73,157,158,197, or CVD methods
66,146,147,198

to fix the photocatalyst material onto fluidizable substrates, such as glass beads, though this

was often met with limited success. In most instances, the adhesion of the photocatalyst material to the
fluidizable supports was not great enough to withstand the rigors of fluidization and significant attrition of
the TiO2 photocatalyst from the fluidizable support material was often observed; in most instances, the
photocatalyst material would be ablated from the substrate surface in a short period of time.

From the literature, the critical failure point for supported titanium dioxide films are at the support/TiO2
film interface, where the TiO2 film is attached by weak Van der Waals forces, or at fractures and stress
points induced by shrinkage during the drying process 101,112. One research group attempted to improve
the performance of a fluidizable photocatalyst by improving the strength of the TiO2-substrate interface;
by hydroxylating the surface of soda glass beads with a strong NaOH bath such that residual OH- surface
groups could chemically bind with a TiO2 sol-gel 113. While this did achieve an improvement over slurry
deposited films, the mechanical strength of the film was still limited and unsuitable for fluidization.
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Keshmiri et al. 112 developed of a novel TiO2-TiO2 composite film where commercially available Degussa
P25 nanoparticles where combined with a TiO2 sol-gel binder. The sol-gel binder caused the P25
nanoparticles to bond to each other, and to a supporting substrate; this resulted in a remarkable
improvement in the adhesion of the TiO2 photocatalyst to the supporting substrate. Vega156 further
developed this TiO2-TiO2 composite technique to form self-supported spherical beads of pure TiO2,
which were formed by combining the still wet composite solution with a polymer matrix and cast into
spheres by a drop forming technique. By removing the weak TiO2-support interface entirely, the TiO2
particles demonstrated dramatically improved attrition resistance and outstanding performance when used
for the degradation of model water contaminants in a fluidized bed reactor.

We herein explore the concept of photocatalytic water splitting in a UV-irradiated fluidized bed for the
first time. In this research, we present a special designed fluidized bed reactor system and fluidizable,
platinum-deposited TiO2 photocatalyst. This study is intended to develop the fluidized photocatalytic
water splitting approach and take steps toward creating an efficient and scalable hydrogen production
process.

2.2
2.2.1

Experimental
Reactor and System Design

Pozzo et al. 147 reported previously that an annular fluidized bed with a UV lamp situated in the inner
annulus (Figure 6) (as opposed to lamps positioned externally around the periphery of the reactor) will
yield the most efficient use of the ultraviolet radiation. As such, a fluidized bed reactor with an inner
annulus comprised of a quartz glass tube, containing a low-pressure mercury vapor ultraviolet (UV) lamp
(Emperor Aquatics, 50W, 254 nm), and a polycarbonate outer reactor body was employed in these
experiments. The photocatalytic reaction zone, formed between the quartz glass tube and the outer
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polycarbonate wall, has an inner radius of 1.41 cm, an outer radius of 2.54 cm, and an effective length of
32.76 cm, yielding a total fluidized reactor volume of 0.45 L. The lower inlet portion of the reactor was
conically shaped and contained a flow distributor consisting of a packed bed of glass beads (2mm average
diameter) supported between two stainless steel mesh sheets; this was necessary in order to avoid jetting
and to ensure even fluidization within the reactor. The upper outlet portion of the reactor contains dual
outlet ports and was designed such that no gas bubbles can be trapped; this ensures that all product gases
are removed from the reactor volume so as to provide accurate measurement of the gas evolution rates.

Figure 6: Photograph of the annular fluidized bed reactor

The fluidized bed reactor formed part of a larger system as shown in Figure 7. The dual outlet ports of the
fluidized bed reactor were connected directly to a separator unit (total volume of 0.40 L), which was
designed with a headspace for the dissolved hydrogen and oxygen gases to separate from the liquid
stream. A gas sparge (fitted with a stainless steel frit) was submerged in the liquid portion of the separator
and was used to purge the reaction solution with nitrogen gas before experimental runs (to remove any
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dissolved oxygen that would skew results or effect performance). The sparge was also employed as a gas
sweep during experiments to continuously carry samples to a gas chromatography system for analysis; an
electronic mass flow controller was employed to ensure accuracy. The top of the separator was also fitted
with a thermocouple, a digital pressure gauge, a pressure relief valve and a number of auxiliary ports for
other measurements, such as liquid sampling. The outlet of the separator was covered by a mesh screen as
a precaution to filter any particles that may be eluted from the reactor and prevent them from being
carried into the pump (where they would be macerated by the impeller). Technical drawings of both the
fluidized bed reactor and separator unit are presented in Appendix B.

Figure 7: Schematic diagram of the fluidized bed photoreactor system
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A PanWorld NH-100PX centrifugal pump was used to circulate a 2.2M aqueous Na2CO3 solution through
the system at flow rates ranging from 2 L/min to 10 L/min to fluidize the photocatalyst particles. For
some experiments, a Gems Sensors FT-110 electronic turbine flow sensor was used to measure the liquid
flow rate; the electronic flow meter was not used for all experimental runs as its reliability was affected
by sediment from photocatalyst particle attrition and small eluted particles, thus requiring constant repair.

The use of a gas chromatograph is critical to the research as stoichiometric water splitting cannot be
assumed; hydrogen/oxygen stoichiometric ratios other than 2 indicate the presence of unwanted processes
in the system such as the formation of intermediate species, parasitic side reactions, and system leaks. An
Agilent 7890A gas chromatograph (GC) fitted with two thermal conductivity detectors (TCD) was
employed in these experiments. The use of dual TCDs, each with separate helium and nitrogen carrier
gases, allowed the GC system to be configured to allow lower detection limits and improved
measurement accuracy of oxygen and hydrogen (respectively). This configuration also allowed the
nitrogen sweep gas from the separator unit to be used as an internal standard; as the nitrogen sweep flow
rate could be tightly controlled, it, along with the stream composition, could be used to determine the
evolution rates of hydrogen and oxygen. The nitrogen gas flow was measured at the outlet of the GC
using a bubble flow meter to ensure accuracy and no system leaks.

A National Instruments USB-6212 Data Acquisition (DAQ) card was used to provide direct control of the
GC operation, UV lamp, and centrifugal circulation pump, as well as to record the temperature, flow rate
and pressure data. The system control structure and user interface were constructed using National
Instruments LabView Version 9.
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2.2.2

TiO2 Sol-gel Composite Preparation

Fluidizable photocatalyst particles were produced via the method first described by Vega et al 156. A TiO2
sol-gel was first prepared by acid hydrolysis of titanium tetraisopropoxide. Briefly, 6.4 ml of deionized
water was added to 96 ml of denatured ethyl alcohol (Fisher, A407-20) in a 500 ml sealable glass jar and
stirred for 10 minutes. Hydrochloric acid (Fisher, 37%) (16 ml) was then added and allowed to stir for an
additional 10 minutes. To this solution, 120 ml of titanium tetraisopropoxide (TTIP) (Sigma Aldrich,
97%) was added slowly while the solution was stirred vigorously so as to prevent fast gelation and
precipitation of the TiO2. The solution was then stirred at 400 rpm for 2 hours. The resulting sol-gel
solution should be clear and pale-yellow in color. Degussa P25 nanoparticles (38 g) were then added to
the sol-gel solution and the bottle was sealed so as to prevent the solution from drying on the walls of the
jar, which would result in large, solid chunks in the solution. The resulting composite mixture was stirred
overnight (approximately 14 to 16 hours).

2.2.3

Chitosan Polymer Solution Preparation

A polymer forming solution (1% w/w) was prepared by adding 3.56 ml of glacial acetic acid (Fisher,
99.7%) to 900 ml of deionized water; 9g Chitosan (Sigma Aldrich, medium molecular weight) was then
added while the solution was stirred vigorously. The solution thickens dramatically with the addition of
Chitosan and typically requires stirring up to 24 hours for the Chitosan to be completely dissolved. This
solution could be stored at room temperature for several months without any change in behavior or
performance.

2.2.4

TiO2 Sphere Formation

The Chitosan polymer solution was first added to a large beaker and stirred vigorously, followed by the
addition of the TiO2 sol-gel-composite solution at a ratio of 1 part to 2 parts Chitosan solution. The
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solution was then stirred for 2 hours; the beaker was again covered to prevent the solution from drying on
the walls of the beaker and producing large particles in the solution.

TiO2 spheres were produced by the drop-wise addition of the Chitosan/TiO2 from a burette into a basic
NH4OH (Fisher, 30%) solution (6:94% v/v NH4OH/H2O). Chitosan undergoes fast-gelation on contact
with the basic solution, causing the droplets to instantly harden and maintain their spherical shape. The
final diameter of the TiO2 spheres could be widely altered by changing the size of the droplets entering
the basic solution. For example, slow drop-wise addition from a burette with an enlarged tip opening can
in spheres with a large diameter (1.5-3 mm). To produce smaller TiO2 spheres (0.5-1.5 mm), the TiO2Chitosan solution was released from the burette in a thin, fast flowing stream; Plateau-Rayleigh instability
pulled the thin stream into a series of small droplets before coming in contact with the basic solution.
Before drying, the large TiO2 particles had an average diameter of 2.2 mm, while small TiO2 particles
with an average diameter of 1 mm were possible using the fast stream method.

The resulting particles were then dried for several days at room temperature, during which time the
diameter reduced dramatically; the dried photocatalyst particles were spherical with an average diameter
of 1.1 mm and 0.5 mm, respectively. The photocatalyst particles were then calcined at 500oC for three
hours in air. This calcination step causes the amorphous TiO2 sol-gel to transform to crystalline TiO2 and
serves to burn away the Chitosan polymer used in the forming process. The calcination temperature was
chosen to be below the anatase-to-rutile transition temperature of 550oC so as to maintain a high
percentage of the anatase phase in the final samples. The calcined photocatalyst particles were pure TiO2
throughout the entire particle, and were bright white and matte in appearance.
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2.2.5

Preconditioning

Following calcination, the photocatalyst particles were preconditioned for 48 hours in a lapidary tumbler
(Lortone Model 3A). Though the calcined particles were mechanically strong and attrition resistant, their
surfaces contained loose TiO2 “dust” and fine, easy to remove surface features that would cause the
reaction solution to become translucent white; it is imperative to remove these features before depositing
platinum on the TiO2 surface to reduce the number of free nanoparticles in the reactor system and to
minimize platinum loss due to attrition. The photocatalyst particles were calcined in air to 500oC for one
hour following the precondition process so as to remove contaminants that may have been imparted by
the rubber drum of the lapidary tumbler. The photocatalyst particles become glossy in appearance after
physical conditioning due to a reduction in surface roughness.

2.2.6

Platinum Deposition

Platinum was deposited into the outer, photoactive region of the photocatalyst particles by a
photodeposition method. The photoactive region is the thin outer photocatalyst layer in which photons are
absorbed and the charge carrier concentration is great enough to carryout chemical reactions. The
calcined and physically conditioned photocatalyst particles were placed into the reaction volume of the
UV-irradiated fluidized bed reactor with 1 L of water and a measured amount of chloroplatinic acid
hexahydrate (CPA) (Sigma). For the larger 1.1 mm particles, CPA was added to the solution in the
amount of 0.0107 grams per gram of photocatalyst particles; while for the 0.5 mm particles, the CPA was
added to the solution in the amount of 0.0214 grams per gram of photocatalyst on account of the
increased surface area of the smaller particles. These concentrations were employed as they were
estimated to yield platinum loadings between 0.5 wt% and 2 wt% in the outer photodeposited layer. The
system was then sealed and the solution was circulated through the system at a low flow rate (avoiding
fluidization of the particles). The reactor was purged with nitrogen until oxygen was present only in trace
amounts. The solution circulation rate was then increased until the photocatalyst particles fluidized to an
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expanded bed height of 21.5 cm (bed voidage, ε ≈ 0.78-0.89). The UV lamp was then turned on for a 3hour period, during which time the photocatalyst particles darkened to a tan/grey colour. The system was
then drained and the photocatalyst particles were then removed from the reactor, washed thoroughly with
deionized water, and dried at 100oC overnight. The dried platinum-loaded particles were then placed into
a tube furnace under a hydrogen atmosphere (10% H2 in Ar, 50 cc/min) for 2 hours at 450oC. This
additional calcination step in a reducing atmosphere served to ensure that all the platinum was completely
reduced to Pt0.

2.2.7

Actinometric Measurements

In order to accurately determine the apparent quantum efficiency of the fluidized photocatalytic water
splitting system, it was imperative to determine the total radiant power of the low-pressure mercury UV
lamp used in the reactor. For ease and simplicity, the iodide-iodate actinometer method 199–201 was
employed. The iodide-iodate actinometer forms triodide on exposure to UV radiation according to:
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The triodide concentration can then be determined spectrophotometrically, which then allows for the
calculation of the photon fluence rate. As this method is optically transparent to wavelengths greater than
330 nm, it is possible to perform actinometric experiments without the need for a darkened room or
darkroom safe light. The iodide-iodate actinometric method was, however, designed only to measure
wavelengths less than 290 nm; this is not a major concern as low-pressure mercury lamps have a very
discreet major emission peak at 254 nm, a minor emission peak at 185 nm, and very minor (mostly
undetectable) peaks at 313, 365,404, 436, 546 nm. The minor emission peaks greater than 390 nm bare no
relevance in the performance of the photocatalyst.
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The actinometer solution was prepared by first mixing a 0.01M sodium borate (Fisher, 99.5%) buffer
solution (pH 9.25), to which potassium iodate (Sigma Aldrich, 99.5%) (in the amount of 0.1M) was
added. This solution could be stored for several weeks without any significant change in performance.
Immediately before an actinometric measurement, potassium iodide (Sigma Aldrich, 99.5%) was added to
the borate-iodate solution in the amount of 0.6M and stirred for 30 minutes. The solution was then placed
into the reaction volume of the fluidized bed reactor and the low-pressure mercury UV lamp was turned
on for 10 minutes, during which time the solution gradually turned yellow; the lamp was turned on and
allowed to reach a stable operating temperature outside of the reactor before the measurement was taken.
The solution was then removed from the reactor and stirred in a beaker for an additional 10 minutes.
Absorbance measurements were made before and after irradiation using a Cary 100 UV-Vis
spectrophotometer. The initial concentration of potassium iodide was determined by the absorption at 300
nm and, by determining the absorbance at 352 nm, it was possible to determine the amount of potassium
triiodide formed during the time course of the actinometric measurement. From this it was possible to
determine the radiation dose delivered to the actinometric solution during the time course measurement.

2.2.8

Suspended Slurry Baseline Measurement

To provide a baseline performance comparison, a suspended slurry photocatalyst was employed in the
reactor system following a procedure similar to that outlined by Sayama and Arakawa 133,134. Degussa P25
nanoparticles were suspended in a 2.2M Na2CO3 solution at a concentration of 1 g/L (as per Karakitsou
and Verykios 136, and Kiwi and Gratzel 22). Chloroplatinic acid (0.7 wt% Pt to TiO2) was added to 1L of
the solution, which was then sealed in the reactor. The reactor was purged with nitrogen at 100 cc/min
overnight until oxygen was at amounts less than 2.5 ppm. The solution was circulated at 7.6 L/min, the
nitrogen purge was reduced to 50 cc/min and the UV lamp was turned on. The reaction was then allowed
to proceed for up to 200 hours. Gas samples were analyzed at approximately 12-hour intervals.
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2.2.9

Experimental Procedure

The 1.1 mm diameter platinum-deposited fluidizable photocatalyst particles were added to the UV
fluidized bed in amounts of 60, 80, 100 and 120 grams, and freshly made batches of photocatalyst
particles were used for each experimental run. The 0.5 mm photocatalyst particles were used in a separate
experiment in the amount of 100 g to demonstrate the effect of particle density and fluidization velocity.
The reactor system was then filled with 1 liter of 2.2M Na2CO3 in water (pre-heated to 35oC) and sealed.
The solution was circulated throughout the reactor system at low flow rates, taking care to avoid
fluidization, while purging with nitrogen at 100 cc/min for several hours (until oxygen was detectable to
amounts less than 2.5 ppm). The nitrogen flow rate was then decreased to 50 cc/min and the solution
circulation flow rate was increased until the bed reached an expanded bed height of 24 cm; the flow rates
ranged from 5 L/min to 8 L/min, depending the mass of photocatalyst particles loaded into the reactor.
The UV lamp was then turned on and the photocatalytic reaction was allowed to proceed for 24 hours.
The GC system was remotely triggered by the USB-6212 DAQ to analyze the composition of the product
gas stream from the system at 8-minute intervals. The product gas stream was allowed to vent and was
not collected. The system consistently stabilized at a constant temperature of 35oC throughout all
experiments.

2.2.10

Characterization

The specific surface area of the photocatalyst particles was measured using the single-point BrunauerEmmett-Teller (BET) method. The TiO2 crystal phases present in the photocatalyst particles were
characterized by X-ray diffraction (XRD) using a Bruker D2 Phaser desktop X-ray diffractometer using
Cu-Ka radiation (1.5418 Å). SEM imaging and energy-dispersive X-ray spectroscopy (EDX) were
conducted on both the Hitachi S-2600N Variable Pressure Scanning Electron Microscope (VPSEM) and
the Hitachi S3000N VP-SEM with EDX. Transmission Electron Microscopy (TEM) imaging was
conducted on a FEI Tecnai G2 200kV Transmission Electron Microscope. The photocatalyst samples
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were analyzed by dynamic secondary ion mass spectroscopy (D-SIMS) using a Cameca IMS-3f ion
microprobe using a positive cesium beam and monitoring various negative secondary ions of interest. The
depth scales are approximate and were determined by measuring the sputter rate on a cross-sectioned
sample.

2.2.11

Safety Considerations

As hydrogen and oxygen are evolved together from the fluidized bed system, precautions were taken to
reduce the risk of explosion. The nitrogen sweep gas flow rate was chosen such that the evolved hydrogen
was highly diluted and well below the explosion limit. The product stream was vented into a wellventilated area. All electronic equipment near the reactor system was grounded to reduce the chance of
electric spark.

2.3
2.3.1

Results and Discussion
TiO2 Photocatalyst Particle Properties

The crystalline phase and crystallite size of the as-synthesized TiO2 photocatalyst particles were
characterized by XRD measurement. The diffraction peaks of the TiO2 photocatalyst particles shown in
Figure 8 were consistent with mixed anatase and rutile phases; no other phases or impurities were
observed. The weight fraction of the anatase phase was estimated by the following equation 202:

!! =
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(9)

where IA and IR are the intensities of the most intense XRD peaks for anatase and rutile, respectively. In
Figure 8, IA and IR correspond to the intensities of the peaks located at 25.5° and 27.6° respectively. The
weight fraction of the anatase phase was calculated to be 84%, with the remainder being entirely rutile.
This corresponds well with the expected anatase-to-rutile phase composition of 80:20 for the Degussa
P25 203 used in the production of the TiO2 spheres, and suggests that the TiO2 sol-gel employed as a
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binder in the composite primarily forms anatase particles upon calcination. Though the above equation
has become the accepted standard as a reasonable method to estimate the anatase and rutile content of a
sample, Ohtani 204 cautions that this equation was determined empirically and the coefficient “1.26” will
change with the equipment used.

The average crystallite sizes of the TiO2 nanoparticles was calculated by using Sherrer’s equation 205:

! = 0.891!/!"#$%

(10)

where L, λ, β and θ are the crystallite size, wavelength of the X-ray, corrected full width at half maximum
height (FWHM) of the XRD peak, and the angle of diffraction, respectively. The XRD apparatus used in
these experiments utilizes Cu-Kα radiation (1.5418 Å), and thus the anatase and rutile crystallite sizes
were determined to be 19 nm and 75 nm, respectively.

Figure 8: XRD pattern for the TiO2 photocatalyst particles. The anatase peaks (A) and rutile
peaks (R) are as indicated.
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The specific surface area of the photocatalysts was determined by BET analysis. The finished particles
were measured to have a surface area of 31.4 m2/g. The measured surface area is less than that of the
measured 54 m2/g for Degussa P25 as a free powder, indicating a partial reduction of surface area. This is
likely due to particle-to-particle necking and sintering due to the sol-gel binder and calcination,
respectively, and not crystal growth (which would be expected at calcination temperatures above 550oC).

The mean particle diameter of the calcined photocatalyst particles was found to be 0.5 mm and 1.1 mm,
indicating the particles underwent a significant 87.5% volume reduction during the drying process. It was
found that the calcined photocatalyst particles have a bulk density of 3500 kg/m3 and a packed bed
density of 1200 kg/m3 (thus giving a voidage of 0.34). These physical characteristics place the particles in
Geldart class B (sand-like) and D (spoutable) 206, and yield estimated minimum fluidization velocities of
0.0018 m/s (~0.15 L/min ) and 0.008 m/s (~0.67 L/min) for the 0.5 mm and 1.1 mm particles,
respectively.

2.3.2

Surface “Pleating” Effect

While the interior of the photocatalyst particles is pure TiO2 and without any remarkable features or
defects, SEM imaging of the particle exterior revealed a unique, pleated surface around the equator of all
particles (Figure 9). This pleating effect is a result of the manufacturing process and is consistent with
Vega’s observations 156. The force of the droplets impacting the surface of the basic solution while the
chitosan polymer matric is gelling (during the particle forming process) causes the resulting particles to
be more ellipsoidal in shape. As the particles undergo their significant volume change during the drying
process, internal stresses pull the particles into a more spherical shape. This causes the excess of material
around the equator of the particles to pleat. An interesting feature to note in Figure 9 is the circular
indentation on the top of the photocatalyst particles. This feature is induced by the by the backjet, the
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column of liquid that shoots upward when the droplet of sol-gel composite solution enters the basic
solution in the forming process.

Figure 9: SEM image of a self-supported photocatalyst particle displaying the “pleating” effect

In Figure 10, the pleats and fine surface features can be seen in greater detail. The pleats are surprisingly
consistent around the entire equator of the particle and are on average 15 µm across (taken from trough to
trough) and approximately 300 µm in length. Despite the pleated surface features, the particles do not
show any cracks or defects resulting from the manufacturing process.

Figure 10: a) Detail and b) high- magnification views of the surface pleats
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2.3.3

Particle Attrition

Though the TiO2 composite particles greatly improve the mechanical strength of the photocatalyst
particles, attrition is not eliminated entirely. The initial attrition rate of freshly calcined particles was
observed to be high, which was suspected to be due to easy-to-ablate fine surface features being removed
in the initial stages of use. A sample of 120 g of the TiO2 photocatalyst particles were placed in the rubber
drum of a lapidary tumbler for 1 hour, after which time they were washed and dried; the physically
conditioned particles were then observed with SEM analysis (Figure 11). It was found that the fine
features exposed to particle-to-particle contact, such as the surface roughness seen on both the smooth and
pleated surfaces of the particle in Figure 10, had been removed quickly, resulting in a smooth outer
surface.

Figure 11: SEM image displaying the pleats of a self-supported photocatalyst particle following
1 hour of conditioning

The most notable areas of attrition were observed on the aforementioned surface pleats. As seen in Figure
11, 1 hour of physical conditioning resulted in the crests of the pleats being ablated away, leaving the
pleats with a truncated appearance. Fine surface features can still be seen in the troughs between the
pleats as they are protected from direct contact. After several hours of physical conditioning the pleats
had largely eroded away, leaving the particles with a flat, polished surface and a spherical appearance
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around the entire surface: i.e., only minor striations could be seen where the pleats once stood. Indeed, the
appearance of the particles to the naked eye changed from a matte surface to a highly polished, glossy
finish through the time course of the physical conditioning. The observed attrition of the physically
conditioned particles was markedly reduced when compared to that of freshly calcined particles.

These results underscore the importance of physically pre-conditioning the photocatalyst particles before
any use - either in the fluidized bed reactor or in platinum deposition. It is not only important to minimize
attrition before use so as to minimize the effects of free photocatalyst particles suspended in the reaction
solution during experimental runs, but to also prevent the loss of the critical and expensive platinum
deposits. As a precaution, all photocatalyst particles were preconditioned in the lapidary tumbler for
48 hours prior to platinum deposition and use in the fluidized bed reactor.

2.3.4

Platinum Deposition

During the platinum photodeposition process, the color of the photocatalyst particles changed from their
natural bright white to a light yellow-brown. Once the photocatalyst particles had been subjected to the
final H2-reduction step in the tube furnace, their color changed to a dark grey, suggesting the platinum
particles had indeed been reduced to Pt0. Bisection of the photocatalyst particles revealed that the inner
core of the particles remained the natural bright white of TiO2, and that only the outer surface layer of the
particles displayed the characteristic grey color of the Pt-deposited TiO2.

In order to determine the concentration of platinum on the TiO2 surface, both XRD and EDX analyses
were first employed; however, neither method could detect Pt on the TiO2 surface. The presence of
platinum was later confirmed by XPS analysis; however, the results were not consistent enough to
provide a reliable estimate of the Pt surface concentration. TEM imaging was used in an attempt to
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identify platinum particles deposited on the TiO2 particles; however, despite extensive work with the
TEM equipment, no platinum deposits could be identified.

To reduce the amount of platinum-free TiO2 from the inner core being incorporated into the samples,
sections of the Pt-deposited layer were bisected from the photocatalyst particle using a fine surgeon’s
blade and were subsequently ground with a fine agate mortar and pestle to prepare samples for TEM;
however, the high strength of the photocatalyst particles caused them to fracture into large pieces still
containing a large portion of the platinum-free inner core of the particles, and it was, again, impossible to
identify platinum deposits. It is suspected that either, once the photocatalyst particles had been ground to
prepare samples for TEM, the concentration of Pt-deposited TiO2 particles became too low due to the
Pt-deposited layer being mixed with the platinum-free inner core of the particle, or that the platinum
deposits were smaller than the resolution of the TEM equipment. It is suspected that the latter may be
probable as some sources 123,207,208 suggest that the platinum deposits may be 2 nm or less in size; this is
below the 5 nm resolution limit of the TEM equipment used.

Figure 12: Depth profiles of Ti, O and Pt (along with the observed Si and Al impurities) as a
function of sputter depth for the 0.5 mm particles
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In order to better understand how Pt deposited throughout the three-dimensional TiO2 structure, the depth
profile of the particles was analyzed using dynamic secondary ion mass spectroscopy (D-SIMS). Due to
the tendency of the photocatalyst particles to charge during analysis, the ion beam would often deflect
away from the target area, thus resulting in a glancing blow through the side of the particle rather than
achieving a bore straight down into the bulk of the particle; the smaller 0.5 mm particles demonstrated
less charging behavior and were thus easier to analyze. The D-SIMS depth profile results (shown in
Figure 12), clearly demonstrates the presence of platinum incorporated into the TiO2 matrix. Interestingly,
both silicon and aluminum were detected in the sample as impurities (for which the source could not be
identified); the signal intensities for both oxygen and titanium, however, did not vary with fluctuations in
either the silicon or aluminum signal intensities, suggesting that the impurities are dilute.

Figure 13: Relative Intensity ratio of Pt195/Ti48 as a function of sputter depth for the 0.5 mm particles

The relative intensity ratio of the platinum to titanium signals can be used as a reference for the platinum
concentration through the photocatalyst bulk. As seen in Figure 13 below, the relative intensity ratio, and
thus the Pt concentration, decays in an exponential manner with increasing depth into the TiO2 bulk.
While it was not possible to achieve reliable measurements of the Pt concentration at the outer TiO2
surface, it is possible to approximate the Pt loading. If it is assumed that all platinum present in solution
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was deposited onto the TiO2 photocatalyst particles (as no residual Pt could be detected through ICP-MS
measurement), we can calculate the effective Pt loading at the outer surface and average loading in the
photodeposited layer by integrating the relative intensity ratio over the sputter depth. The Pt concentration
at the outer photocatalyst surface was estimated to be 2.27wt% and 2.22wt% and the average Pt loading
in the photodeposited layer to be 0.88wt% and 0.86wt% for the 0.5 mm and 1.1 mm photocatalyst
particles, respectively.

From Figure 13 above, it is possible to estimate the effective diffusion length for photoexcited electrons
through the bulk TiO2. The probability that an electron will be captured by either a recombination process
or through a reaction with a H2PtCl6 molecule during photodeposition, p, at a given distance, x, from the
photon absorption site (i.e., the outer particle surface) can be written as 209–211:
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where the effective electron diffusion length, Ln, may be estimated by the conduction band electron
diffusion coefficient, D0, and the conduction band electron lifetime, τe:
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If it is assumed that Pt will only deposit as deep into the TiO2 bulk as electrons can diffuse from the
photon absorption sites at the outer particle surface, and that the local platinum concentration is
approximately proportional to the probability of electron capture/reaction, the data shown in Figure 13
can be fitted to an exponential function having the form shown in equation 11. The effective electron
diffusion length is estimated to be 3.7 µm and it can be seen that the Pt concentration approaches
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negligible levels near a depth of 10 µm. Leng et al. 211 observed that, in a photoelectrochemical water
splitting experiment, the effective electron diffusion length into a TiO2 film was approximately 10 µm and
that the effective diffusion length varied only slightly with an applied bias potential. The effective
electron diffusion length estimated in this work is expected to be less than that observed by Leng et al. 211
as Pt deposits and surface reactions with H2PtCl6 molecules act to capture electrons, thus limiting their
effective electron diffusion length. It should be noted that the above approach assumes that the structure
and porosity of the particles does not vary significantly with depth, and that the particles are porous
enough such that the diffusion resistance of Pt ions into the TiO2 bulk is small. High mass transfer
resistances or variations in the pore structure with depth could result in the majority of the platinum
depositing near the outer surface of the particles, thus make causing the effective diffusion length appear
smaller than its true value, or causing the platinum depth profile to deviate significantly from the expected
exponential curve shape and making curve fitting unreliable.

2.3.5

Baseline Slurry Photocatalyst Performance

Figure 14a below shows the time dependence of hydrogen and oxygen evolution from a 2.2M Na2CO3
solution containing platinized P25 nanoparticles (1 g/L); the solution was circulated through the reactor
system at a flow rate of approximately 7.6 L/min. It was observed that the rate of hydrogen evolution
increased steadily over 200 hours, eventually reaching a steady-state rate of 204 µmol/hr after 215 hours
of operation; this is agreement with observations by Sayama and Arakawa 133,134, where the rate of gas
evolution increased steadily during operation and reached a maximum steady state rate after
approximately 198 hours of operation.
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Figure 14: Photocatalytic water splitting performance for P25 nanoparticles suspended in
Solution. a) The gas evolution rates for hydrogen and oxygen, and b) the stoichiometric ratio of
hydrogen to oxygen are shown with respect to time. The P25 nanoparticles (containing 0.7wt%
Pt) were suspended in a 2.2M aqueous Na2CO3 solution at a concentration of 1 g/L.

It should be noted that the maximum rate of hydrogen evolution over suspended P25 nanoparticles
observed by Sayama and Arakawa (568 µmol/hr) is 2.8 times greater than the maximum observed in this
study – this is due to several notable differences between the two reactor systems which prevent direct
comparison of the evolution rates. First, Sayama and Arakawa utilized a 400W high-pressure Hg lamp,
which has a higher radiant flux in the ultraviolet region than the lamp employed for this study. Second,
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unlike the reactor employed by Sayama and Arakawa, where the entire reactor volume was irradiated, the
reactor system used in this study had an irradiated reactor volume of 0.45L and a total solution volume of
1L. As such, 55% of the Pt-deposited P25 particles were contained in “dark” (non-irradiated) regions of
the reactor system (i.e., the separator, recirculation pump and piping) and were serving to only promote
the back-reaction. Finally, our reactor was operated continuously at a pressure of 1 psig. In contrast, the
reactor in Sayama and Arakawa’s study was operated in batch-mode under vacuum pressures as they had
observed that the rate of evolution was greatly affected by the reactor pressure. Sayama and Arakawa
correctly conclude that the reactor pressure affects the rate of mass-transfer of the evolved hydrogen and
oxygen from the liquid to gas phase.

As seen in Figure 14b, hydrogen and oxygen are evolved at a molar ratio of 2 for much of the time-course
of the experiment. It should be noted that during the initial hours of the experiment, the H2/O2 ratio
exceeded the expected stoichiometric ratio and decreased with time, eventually settling to a value of 2 and
remaining steady after 50 hours of operation. This effect is discussed further in section 2.3.8.

2.3.6

Typical Fluidized Photocatalyst Performance

Figure 15a shows the time dependence of hydrogen and oxygen evolution from a 2.2M Na2CO3 solution
containing 80 g of 1.1 mm diameter photocatalyst particles and is representative of the typical time course
for all experiments employing the 1.1 mm TiO2 particles. For all experiments, it was observed that the
hydrogen and oxygen evolution rates would increase steadily up to a steady-state rate and would remain
constant throughout the remaining time of the experiment. In all experiments, the system reached a
constant rate of hydrogen output within a relatively short period of time (5 to 15 hours). However, the
suspended slurry photocatalyst presented above required more than 200 hours of operation before a steady
rate of hydrogen evolution was observed; a similar result was observed by Sayama and Arakawa 133,134
who reported that a steady state was not achieved until ~70 hours of illumination.
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Figure 15: Photocatalytic water splitting performance for 80g of 1.1 mm diameter fluidizable
photocatalyst particles. a) The gas evolution rates for hydrogen and oxygen, and b) the
stoichiometric ratio of hydrogen to oxygen are shown with respect to time. The particles were
fluidized in in a 2.2M aqueous Na2CO3 solution.

It was also observed in this study that, despite extensive nitrogen purging of the reactor system and the
Na2CO3 solution, some excess oxygen could be detected during the initial 30-40 minutes of the
experiments, which could be seen as large fluctuations in the rate of O2 evolution. It was determined that
the fluctuations in the rate of O2 evolution were a result of remaining air bubbles trapped in the reactor
system being freed as the circulation flow rate was increased to fluidize the photocatalyst particles; no
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escaping air bubbles were observed beyond 1 hour of operation. Near stoichiometric H2 and O2 evolution
were observed in all experiments during steady-state operation; however, in all experiments it was
observed that the ratio of hydrogen to oxygen evolution greatly exceeded the expected stoichiometric
ratio of 2. As seen in Figure 15b, the molar ratio of hydrogen to oxygen evolution is seen to reach a
maximum after 2.5 hours, eventually settling to the expected stoichiometric ratio of 2 after 10 hours of
operation. This effect will be discussed further below.

Table 2: Reactor conditions, H2 evolution rates and Apparent Quantum Efficiencies for various fluidized
photocatalyst mass loadings a.
P25b

1.1 mm TiO2 particles
100g

120g

1 g/L

(cm)

3.6

4.8

6.0

7.2

(-)

Expanded Bed height

(cm)

24

24

24

20.0

(-)

(-)

6.7

5.0

4.0

2.8

(-)

0.30

0.30

0.30

0.21

0.45

8.4

7.6

6.9

5.4

7.6

25,600

32,800

41,000

49,200

(-)

(µmol hr-1)

211

211

202

130

204

(µmol hr-1L-1)

703

703

672

616

453

3.52

2.64

2.02

1.09

204

Apparent Quantum Efficiency

1.33%

1.33%

1.27%

1.16%

0.92%

Steady State Stoichiometric ratio

2.08

2.01

1.96

2.06

2.06

Irradiated Bed Volume
Circulation low rate

3

(cm )
(L min-1)

Approx. # of particles

Steady-state H2 rate
H2 Rate per Irradiated Volume
Specific H2 Rate

b

80g

Static bed height

Bed Expansion

a

60g

-1 -1

(µmol hr g )

2.2M Na2CO3 solution
Degussa P25 nanoparticles (containing 0.7 wt% Pt) suspended in 2.2M Na2CO3 solution at a rate of 1 g/L

Table 2 shows the reactor conditions, the steady-state hydrogen evolution rates, and the measured
hydrogen-to-oxygen molar ratio at steady state for various mass loadings of the 1.1 mm diameter TiO2
particles in the fluidized bed reactor. The results of the P25 slurry baseline experiment presented in
section 2.3.5 are also shown in Table 2 for comparison purposes. For all of the fluidized bed experiments,
the photocatalyst particles were fluidized to an expanded bed height of 24 cm, except for experiments
utilizing 120 g of photocatalyst particles. The expanded bed height was highly sensitive to slight
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fluctuations in the recirculation flow rate at a mass loading of 120 g, with slight increases in flow rate
causing the bed to expand dramatically (often to the point where particles would elute from the reactor),
thus it was not possible to achieve a stable bed height at 24 cm. By decreasing the flow rate slightly, the
expanded bed height settled to a stable bed height of 18 cm and was less sensitive to fluctuations in the
recirculation flow rate.

To accurately compare the hydrogen evolution rates for the different photocatalyst types (fluidized versus
suspended slurry) it is necessary to normalize the evolution rates based on the irradiated reaction volume
(Table 2) because the H2 evolution rate varies with the total rate of photons entering the reaction volume.
Suspended slurry photocatalysts employ the entire reactor volume (and thus cover the full length of the
UV lamp), while only a portion of the total reactor volume and lamp length is employed for the fluidized
photocatalyst experiments. Moreover, the irradiated volume of a fluidized bed varies with the expanded
bed height. It was determined that the lamp irradiance was approximately constant along the length of the
lamp and thus it was assumed that the amount of incident UV light entering the reactor volume varied
linearly with the irradiated reactor volume. For all fluidized photocatalyst mass loadings, the fluidized
particles exhibited a higher rate of hydrogen production per irradiated reactor volume than the suspended
slurry photocatalyst, with photocatalyst loadings of 60 g and 80 g exhibiting a 55% increase over that of
the suspended P25 photocatalyst particles. It is hypothesized that the increased rate of hydrogen evolution
per reactor volume for the fluidized photocatalyst particles (as seen in Figure 16a) is due to the evolved
hydrogen and oxygen being quickly separated from the platinum-loaded photocatalyst particles. In
contrast, suspended P25 particles were dispersed throughout the entire reactor system, thus P25 particles
in non-irradiated regions of the system served only to promote the back reaction of hydrogen and oxygen.
This effect is similar to that of increasing the platinum loading on suspended TiO2 nanoparticles reported
in literature 22,123,136, where increasing the platinum loading beyond an optimal amount resulted in an
increase in the rate of the back reaction and a decrease in the observed rate of hydrogen evolution.
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Figure 16: The a) volumetric, and b) specific rates of hydrogen evolution with respect to the mass of
photocatalyst particles fluidized in the reactor.

From Figure 16a it can be seen that the rate of hydrogen evolution per irradiated volume decreased for
fluidized photocatalyst particle loadings beyond 80 g. Similarly, when the rate of hydrogen evolution is
normalized with respect to the mass of fluidized photocatalyst particles (Figure 16b), there is a near linear
decrease in the specific rate of hydrogen evolution with increasing photocatalyst mass loadings. It is
suspected that the reduction in performance when increasing the photocatalyst loading beyond 80 grams
is due, in part, to the increase in bed density. As the bed density increases, the photocatalyst particles near
the outer wall of the reactor receive less light and serve only to promote the parasitic back reaction. Other
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factors, as discussed later, may also contribute to this observed decrease with increasing photocatalyst
mass. It is important to note that the fluidized and suspended slurry photocatalysts cannot be accurately
compared on a per weight basis as ~95% of the fluidized photocatalyst particle mass resides within the
core of the particle and does not participate in the reaction.

The performance of the fluidized and suspended slurry photocatalysts are best compared through the
apparent quantum efficiency (AQE), which is defined as:

Φ!"" =
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(13)

where Rnet and Pi are the net rate of hydrogen evolution measured leaving the separator and the total rate
of photons entering the reaction volume, respectively. As discussed previously, the reaction volume for
the suspended photocatalyst slurry is that of the entire reactor, whereas for the fluidized photocatalyst
particles it is the volume defined by the expanded bed. It was observed that for all fluidized experiments,
the apparent quantum efficiency was greater than that observed for the suspended P25 photocatalyst
particles. When the AQE for the suspended P25 particles is compared to that observed when 80 g of the
1.1 mm TiO2 photocatalyst particles are fluidized in the reactor (which employed the same circulation
flow rate), it can be seen that the fluidized photocatalyst particles display a 44% increase in the AQE.
This effect is, again, likely due to the fluidized particles remaining in the fluidized bed reactor and being
quickly separated from the reaction products, thus limiting the extent of the back reaction over the
platinum deposits on the photocatalyst particles; whereas, the suspended photocatalyst particles are
distributed throughout the reactor volume and exacerbate the parasitic back reaction. This observation
demonstrates the importance of minimizing regions of non-irradiated photocatalyst particles, be it
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suspended nanoparticles, fluidized photocatalysts or otherwise, when designing and scaling photocatalytic
hydrogen production systems that employ platinum as a co-catalyst.

2.3.7

Effect of Na2CO3

To observe the effect of Na2CO3 on the water splitting performance of the fluidizable photocatalyst
particles, 60 g of the photocatalyst particles were first loaded into the reactor and fluidized to an expanded
bed height of 24 cm using deionized water only. As seen in Figure 17, the rate of hydrogen evolution
rapidly rose to a maximum and then decayed continually with time; if left for an extended period of time,
the system would trend toward a pseudo-steady state rate. Negligible oxygen evolution was observed
throughout the experiment. This observation is consistent with that of a number of published results that
attempt photocatalytic hydrogen production in water (without sacrificial reagents) 19,22,55,136,138,192,212,213.

Figure 17: The rate of hydrogen and oxygen evolution over time for 60g of 1.1 mm diameter
photocatalyst fluidized in deionized water only. The light was turned on and off to determine
whether the photocatalyst deactivation was a photo-induced effect.

In order to ascertain whether the decay in the hydrogen evolution rate with time was a photo-induced
effect on the photocatalyst surface, the lamp was shut off for a period of 4 hours while the photocatalyst
remained fluidized and the solution was continuously purged with nitrogen. It can be seen in Figure 17
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that, when the lamp was turned back on, the hydrogen evolution rate quickly rose back to nearly the same
rate before the lamp was turned off and the decay in performance continued in the same fashion.
Furthermore, it was found that the lamp could be shut off at any point during the experiment and the rate
would return near to its previous value once the lamp was powered on again, regardless of the amount of
time it was off for. These results suggest that the photocatalyst deactivation process is likely a photoinduced effect whose extent is dependent on the cumulative exposure to UV irradiation.

Abe et al. 139 demonstrated that suspended TiO2 nanoparticles exhibited a continual decay in the rate of H2
evolution in combination with an absence of O2 evolution, and, that after the photocatalyst particles had
been irradiated in pure water for 600 hours, they were completely deactivated and could not evolve
hydrogen. After further investigation of their deactivated photocatalyst particles, Abe et al. described a
shift in the crystalline structure of the TiO2 when compared to that of fresh photocatalyst particles (as
determined by XRD) and the valence state of 35% of the Ti atoms (calculated) had changed from Ti4+ to
Ti5+ (as measured by XPS analysis). It was postulated that the TiO2 itself was acting as an electron donor,
which led to the formation of a stable (yet photocatalytically inactive) (Ti2O5)(TiO2)2 mixed-valence
structure.

It has also been demonstrated in the literature that oxygen photo-adsorption and peroxo-species formation
both readily occur on the surface of TiO2 under UV irradiation in the presence of water 139–142,170,214–217 and
may account for the absence of O2 evolution during photocatalytic water splitting. In addition, it has been
demonstrated in nearly all reports of hydrogen peroxide generation on TiO2 surfaces that the formed
peroxo-species are not detected in solution, suggesting that the peroxides do not readily desorb from the
TiO2 surface 140–142 and even remain chemically bound to the TiO2 surface long after the light source has
been removed. Harbour et al. 141 observed that titanium dioxide nanoparticles were capable of containing
over twenty-two chemisorbed H2O2 molecules per square nanometer of photocatalyst surface area, which,
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for high surface area TiO2 photocatalysts regularly employed in literature and this work, represents a
significant capacity for adsorbed peroxides. The photo-induced deactivation of TiO2 photocatalyst
particles and simultaneous absence of O2 evolution observed in Figure 17 may be ascribed to either, or a
combination of, the two mechanisms described above.

Figure 18: a) The rate of hydrogen and oxygen evolution over time for the same 60 g sample of photocatalyst
shown in Figure 17 after dissolving Na2CO3 into the solution at a concentration of 2.2M, b) the stoichiometric
ratio of hydrogen to oxygen are shown with respect to time.
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During the same experiment employing 60 g of the 1.1 mm photocatalyst particles fluidized in deionized
water described above, the lamp was shut off after 14 hours of operation and Na2CO3 was added to the
separator and subsequently allowed to dissolve and mix; the resulting Na2CO3 concentration was 2.2M.
The reactor was purged continuously during this time to remove any oxygen that was introduced into the
system during the addition of Na2CO3. It was observed that a small amount of hydrogen was evolved
from the solution following the addition of Na2CO3. The UV lamp was restarted beginning at 20 hours
and the liquid-phase flow rate was adjusted slightly to maintain an expanded bed height of 24 cm
(adjustment was necessary to compensate for the increased fluid density following the addition of
Na2CO3); hydrogen and oxygen began to steadily evolve.

As seen in Figure 18a, the rate of gas evolution steadily recovered over the course of 50 hours to reach a
pseudo-steady state rate of hydrogen evolution of 203 µmol/hr; this result is similar to that achieved in
other experiments employing 60 g of the 1.1 mm photocatalyst particles. After a total of 95 hours of
operation following the addition of Na2CO3, the rate of hydrogen rose to reach a maximum steady-state
rate of 232 µmol/hr. During this time, hydrogen and oxygen evolved at the expected stoichiometric ratio
of 2 (as shown in Figure 18b), again displaying the characteristic over-stoichiometric evolution of
hydrogen during the initial hours of operation.

The results shown in Figure 17 and Figure 18 above suggest that the decay in the rate of hydrogen
evolution (and corresponding lack of oxygen evolution) is a photo-induced process – likely due to the
formation of peroxo- species on the TiO2 surface and/or the conversion of TiO2 to a photocatalytically
inactive mixed-valence structure. Furthermore, we demonstrate that the addition of Na2CO3 to a solution
containing photocatalyst particles that had been previously poisoned by the photo-induced process, be it
nanoparticles or large fluidizable particles, is capable of fully recovering the performance back to high,
steady rates, and that oxygen evolves at the expected stoichiometric ratio.
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Sayama and Arakawa 133,134 argue that the dramatic increase in water splitting performance in the
presence of Na2CO3 arises due to: 1) a protective layer of adsorbed Na2CO3 covering the platinum
surfaces, thus suppressing the back reaction, 2) reduced photoadsorption of O2 on the TiO2 surface, and 3)
an alternate reaction pathway involving peroxocarbonate species that scavenges holes at the TiO2 surface
and is favorable to the evolution of O2. Tang et al. 80 provide evidence that oxygen formation requires 4hole chemistry, the formation of three possible intermediate species, and that, in the absence of a hole
scavenging species, O2 can be rapidly consumed by photo-excited TiO2 to form peroxotitante complexes.
The observations presented here in this study and by Tang et al. 80 suggest that, while Na2CO3 may indeed
reduce the back reaction at platinum deposits (as Sayama and Arakawa suggest 133,134), the Na2CO3 may
promote stoichiometric water splitting and improve the rate of gas evolution primarily by:

1) scavenging holes, thus reducing efficiency lost to e-/h+ recombination processes,
2) preventing or destabilizing surface adsorbed peroxo- species that reduce the available surface
area and limit oxygen evolution,
3) providing an alternate reaction mechanism that is favorable to oxygen evolution, and
4) scavenging holes from the TiO2 surface, thus preventing TiO2 from acting as an electron
donor, which in turn, prevents (and possibly reverses) the formation of mixed-valence species
that lead to deactivation.

While the combination of these effects may all contribute to improved performance, the absence of excess
oxygen evolution following the addition of Na2CO3 (which would indicated the decomposition of peroxospecies) suggests that the latter effect contributes most to the performance recovery in the deactivated
photocatalyst shown in Figure 18. It should be recognized, however, that it is difficult to distinguish
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excess oxygen arising from opening the system to add Na2CO3 and excess oxygen evolved due to the
destabilization and decomposition of peroxo-species on the TiO2 surface.

2.3.8

Over-stoichiometry

As mentioned previously, it was observed that, for all experiments using the Na2CO3 additive, the ratio of
hydrogen to oxygen evolution exceeded that of the expected theoretical ratio of 2 during the initial hours
of operation, eventually settling to a ratio of 2 during steady state operation, as seen in Figure 19. It was
observed that the H2/O2 ratio reached a maximum after 2-2.5 hours of operation, with the exception being
that for experiments employing 120 g of photocatalyst particles. It was observed that for high
photocatalyst loadings at 120 g (which correspond with low recirculation flow rates) the overstoichiometric peak is not observed until 5 hours of operation and is less pronounced than that of the
peaks observed for lower photocatalyst loadings (with correspondingly higher recirculation flow rates).

Figure 19: The stoichiometric ratio of hydrogen to oxygen with respect to time for various
amounts of 1.1 mm diameter photocatalyst particles fluidized in the photoreactor. The ratio for
100 g of 0.5 mm diameter particles when using a modified separator configuration (denoted as
‘Turbulent’) is discussed in more detail later.
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In a similar fashion to the results discussed above, it is possible to ascertain whether the
over-stoichiometric effect is photo-induced by extinguishing the UV lamp for a period of time. As
observed in Figure 20, when the UV lamp is extinguished for a period of 3 hours and then reignited, the
H2/O2 ratio almost instantaneously returns to its previous state and continues to settle toward the
theoretical ratio of 2. This indicates that, like the hydrogen evolution rate observed in Figure 17, the
underlying process leading to stoichiometric evolution of hydrogen and oxygen is a photo-induced effect
which is dependent on the cumulative exposure to UV irradiation. The step change observed in the H2/O2
ratio between 13.5 and 17 hours of operation in Figure 20 is due to a slight decrease in the fluidized bed
height, which was corrected back to a height of 24 cm (at 17 hours of operation) by increasing the
recirculation flow rate slightly. This sharp change in the stoichiometric ratio suggests that the photoinduced process leading to the stoichiometric and steady-state evolution of hydrogen and oxygen is also a
function of the recirculation flow rate. The possible source of this flow rate dependence is discussed in
Chapter 3.

Figure 20: The stoichiometric ratio of hydrogen to oxygen with respect to time for 60 g of the 1.1
mm diameter photocatalyst particles fluidized in the photoreactor. The lamp was turned off and
on to observe whether the effect of Na2CO3 was photo-induced.
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2.4

Conclusions

We herein demonstrate and describe photocatalytic water splitting in a fluidized bed reactor for the first
time. From the results of the study, several conclusions may be drawn:
1) It was observed that the effective electron diffusion length through the TiO2 bulk could be
estimated by the concentration of photo-deposited platinum co-catalyst sites via D-SIMS analysis.
2) When compared to Pt-loaded, suspended slurry type photocatalysts, the fluidized photocatalyst
particles yield a 44% increase in the apparent quantum efficiency. It is proposed that this is due,
in part, to the reduction of platinum-loaded particles in non-irradiated regions of the reactor that
would otherwise serve to promote the parasitic back-reaction of hydrogen and oxygen. This is an
important aspect for consideration when designing or scaling photocatalytic hydrogen
productions systems – suspended slurry, fluidized particles, or otherwise.
3) Photocatalyst deactivation in pure water and the beneficial effect of Na2CO3 are both photoinduced processes that depend on the period of time for which the photocatalyst particles are
irradiated by UV light.
4) The addition of Na2CO3 plays a dramatic role in achieving efficient and steady state hydrogen
evolution. It is proposed that the Na2CO3 additive acts to improve performance by reducing
recombination processes, destabilizing surface adsorbed peroxo-species that otherwise lead to
photocatalyst deactivation, by providing an alternate reaction mechanism that is favorable to
oxygen evolution, and by preventing TiO2 itself from acting as an electron donor and reversing
any deactivation due to the potential formation of mixed-valence titanium oxide species. While
the combination of these effects may lead to improved rates of hydrogen evolution, our
observations suggest that the latter effect may be the primary contributor to stable, long-term
performance by preventing the photo-induced deactivation of TiO2.
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Chapter 3: Modeling the Behavior of Water Splitting in a Photocatalytic
Fluidized Bed System
3.1

Introduction

A fluidized bed reactor was explored in the previous chapter to study its effect on the performance of
photocatalytic water splitting. The excellent radiation distribution, reduced mass transfer resistances, and
the ability for evolved hydrogen to be quickly separated from the platinum-deposited fluidized bed
particles resulted in a large increase in the efficiency of the process. It was observed, however, in Figure
16b (Chapter 2) that as the mass of photocatalyst increases, the specific rate of hydrogen evolution
decreases. While it is natural to hypothesize that the decrease in the specific rate of hydrogen production
is simply due to increased shading of particles at the outer reactor wall and increased amounts of
platinum-loaded photocatalyst promoting the back reaction, it is imperative to also consider the combined
effect of both the fluidized bed reactor and the gas-liquid separator. In this chapter we derive a simple, yet
powerful, model describing the water splitting system and discuss its application to the experimental
results presented in the previous chapter. Relevant nomenclature is shown in Table 3 for convenience.

3.2

Fluidized Bed Theory and Fundamentals

Liquid fluidized bed reactors suspend particles throughout the reactor volume by the upward flow of a
liquid phase to create what is known as an expanded bed. The bed expansion for a given mass of
photocatalyst particles in a fluidized bed is determined by the terminal velocity and bed voidage of the
particles, and the fluid superficial velocity, U, through the fluidized bed. The fluid superficial velocity can
be calculated simply by:

!=

!
!!

(14)
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Table 3: Nomenclature
a
Ac
Ar
Bex
Ccat
CF

liquid-gas interfacial area
reactor cross-section area
Archimedes number
bed expansion
photocatalyst mass
H2 conc. in the liquid bulk in
concentration
the fluidized bed reactor

(cm2/cm3)
(cm2)
(–)
(–)
(g/cm3)
(mol/cm3)

C L*
Cs

H2 conc. at the L-G interface

(mol/m3)
(mol/cm3)

dp
d p*
D
g
Ga
H
Hbed
Hex
I
kL
k La
k !!
k !!
!
k !!
ks
m
Mv
n
NG
NL
NS
!!!
Pabs
Pi
rp
Ro
Ri
q
qe
qmf
rr

H2 conc. in the liquid bulk
within the separator
particle diameter
dimensionless particle
diffusion coefficient
diameter
gravitational acceleration
Galileo number
constant
Henry constant
static bed height
expanded bed height
light intensity
mass transfer coefficient
overall mass transfer
mass transfer constant
coefficient
aggregate mass transfer
back reaction3 rate constant
constant (cm /min)0.5
mass transfer coefficient
constant
Mass number
expansion coefficient
interface-gas mass transfer rate
liquid-interface mass transfer
solid- liquid mass transfer rate
rate
hydrogen partial pressure
overall rate of photon
total rate of photons entering
absorption
the reactor
particle radius
radius of outer reactor wall
radius of the inner annulus
volumetric flow rate
elutriation flow rate
flow rate at minimum
rate of back reaction
fluidization

(cm)
(–)
(cm2/s)
(cm/s2)
(–)
(M/atm)
(cm)
(cm)
.
(ein/min cm2)
(cm/min)
(min-1)
(min-1 cm-3)0.5
(cm-3 min)0.5
(cm3/g.min)
(m/s)
(–)
(–)
(–)

(atm)
(ein/min)
(ein/min)
(cm)
(cm)
(cm)
(cm3/s)
(cm3/s)
(cm3/s)
(mol/min.cm3)

rd
rnet
Rd
Rnet
RTE
S
SL
Sc
Sh
U
Ue
Ut
U*
Vbed
Vs
Wcat
Wmax
α
ε
ε0
θc
µ
ρp
ρf
σ
σabs.l

H2 generation rate
net H2 evolution rate
overall H2 generation rate
net H2 evolution rate
Radiation Transfer Equation
photocatalyst surface area
rate of photons entering the
reactor per lamp length
Schmidt number
Sherwood number
superficial velocity
particle settling velocity
terminal velocity
dimensionless terminal
expanded bed volume
velocity
separator volume
photocatalyst mass
maximum mass of catalyst
photon attenuation coefficient
bed voidage
voidage of the static bed
“contact time” of a packet of
fluid at the liquid-gas interface
fluid viscosity
bulk particle density
fluid density
aggregate attenuation cross
probability of photon
section
absorption by the liquid phase

(mol/min.cm3)
(mol/min.cm3)
(mol/min)
(mol/min)
(cm2/g)
(ein/min.cm)
(–)
(–)
(cm/s)
(cm/s)
(cm/s)
(–)
(cm3)
(cm3)
(g)
(g)
(cm3/g)
(–)
(–)
(min)
(cP)
(g/cm3)
(g/cm3)
(cm2/g)
(cm2/g)

σabs,p

probability of photon
absorption by the particles

(cm2/g)

σscatter

probability of photon
scattering by the particles
fluidized bed residence time
separator residence time
sphericity
photochemical efficiency
apparent quantum efficiency

(cm2/g)

!!
!!
ϕ
Φ
Φ!""
!

(min)
(min)
(–)
(mol/ein)
(mol/ein)

function of the hydrodynamic
(moles/einstein)
parameters of the model
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where q is the volumetric fluid flow rate through the reactor and Ac is the reactor cross-section area. The
terminal velocity, Ut, may be calculated by the Haider and Levenspiel correlation 218 (assuming perfectly
spherical particles, ϕ=1):

! !! − !! !
!! = ! ∗
!! !

∗

! =

!/!

18
0.591
+
!!∗
!!∗

(15)

!!

(16)

!

!!∗ = !" !

(17)

where U* and dp* are the dimensionless terminal velocity and particle diameter, respectively, and Ar is
the Archimedes number. The Archimedes number can be calculated via equation 18:

!! !! − !! ! !! !
!" =
!!

(18)

where ρp and ρf are the particle and fluid densities, respectively, µ is the fluid viscosity, g is the
gravitational acceleration constant, and dp is the particle diameter. The settling velocity of isolated
particles, Ue, is then determined by the Kahn and Richardson correlation 219:

!! = !! 1 − 1.5

!!
!! − !!

!.!

(19)

77

where rp is the particle radius, and Ro and Ri are the outer and inner radii of the annular reaction space of
the reactor. The bed voidage, ε, can then be found using the Richardson and Zaki correlation 220 (equation
20), which then allows for the calculation of the bed expansion, Bex:

!
= !!
!!

!!" =

1 − !!
1−!

(20)

(21)

where ε0 is the voidage of the static bed and n is the expansion coefficient determined by:

4.8 − !
= 0.043!" !.!"
! − 2.4

(22)

If the reactor cross-section area is constant over the reactor length, equation 20 can be expressed as:

!
= !!
!!

(23)

where qe, the elutriation flow rate, is the volumetric fluid flow rate through the reactor when the
superficial velocity is equal to the settling velocity (i.e., the flow rate required to fluidize a single
particle). Flow rates in excess of qe would result in all particles being eluted from the reactor and thus
represents the maximum flow rate through the fluidized bed reactor.

The expanded bed height, Hex, can then be determined given the height of the static bed of particles, Hbed:
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!!"# =

!!"#
!! !! 1 − !!

(24)

!!" = !!"# !!"

(25)

where Wcat is the total mass of photocatalyst particles in the bed. By substituting equations 21, 23 and 24
into equation 25, it is possible to derive a relationship describing the flow rate required to achieve a
desired expanded bed height for a given mass of photocatalyst particles, W:

1 − !! !
! = !! 1 −
!!"#

!

!!"# = !!" !! !! 1 − !!

!!"
!! =
!!

!

!

(26)

(27)

(28)

where Wmax is the maximum amount of catalyst that can be contained in the volume defined by the
expanded bed (i.e., the mass of a packed bed of catalyst with the same height as the expanded bed) and
qmf is the flow rate at minimum fluidization. From equation 26, it can be seen that the flow rate required
to achieve a given expanded bed height decreases with increasing photocatalyst mass in the reactor.
Similarly, for a constant flow rate it can be seen that the expanded bed height increases with increasing
photocatalyst mass in the reactor. Therefore, it is conceivable that differences in the flow rate through the
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fluidized bed/separator system for varying amounts of photocatalyst or bed heights may result in mass
transfer related effects that contribute to the inverse relationship between the hydrogen evolution rate and
photocatalyst loading observed in Chapter 2.

3.3

Mass Transfer

Escudero et al. 55 demonstrated that the rate of hydrogen evolution in a bubbling photocatalytic reactor
(using a suspended slurry of nanoparticles) is controlled by the rate of mass transfer of hydrogen to the
gas phase, and that the rate of hydrogen evolution was proportional to the rate of gas flow bubbled
through the reactor solution. This observed effect was due to slow mass transfer rates from the liquid-togas phase, which in turn exacerbated the back-reaction over the platinum deposits on the photocatalyst
surface. Furthermore, Escudero demonstrated that increasing the gas flow rate through the solution, thus
increasing the available area for mass transfer, resulted in an increased rate of hydrogen evolution. To
determine the effect of mass transfer in the fluidized bed/separator photocatalytic reactor system
described in this work, we herein develop a model describing the overall hydrogen evolution process.

Figure 21: Schematic diagram of photocatalytic hydrogen generation at the fluidized particle
surface and the various mass transfer steps involved in the water splitting process.
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At steady state, the net rate of hydrogen production is in series with and equal to the solid-to-liquid,
liquid-to-interface and interface-to-gas mass transfer rates (illustrated in Figure ), and may be described
by the following:

!!"# = !!"# ! !! = !!! = !!!

(29)

where rnet is the net rate of hydrogen generation in the fluidized bed reactor, Ccat and S are the mass
concentration of photocatalyst particles in the fluidized bed volume and specific surface area of the
photocatalyst, respectively, and a is the liquid-gas interfacial area. NS, NL and NG are the solid-to-liquid,
liquid-to-interface and interface-to-gas mass transfer rates, respectively.

In general, it is well known that fluidized bed reactors exhibit excellent mass transfer between the solid
particles and the mobile fluid phase in which they are suspended. While there are a number of correlations
describing the mass transfer in solid-liquid fluidized beds 221,222, one of the most often employed is that
presented by Ballesteros et al. 223:

!ℎ = 0.245!!.!" !"!.!"! !" !.! !" !.!

(30)

where ϕ is the particle sphericity and Sh, Ga, Mv and Sc are the dimensionless Sherwood, Galileo, Mass
and Schmidt numbers, respectively. The Galileo, Mass and Schmidt numbers may calculated by:

!! ! !! ! !
!" =
!!

(31)
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!" =

!! − !!
!!

(32)

!
!! !

(33)

!" =

where D is the diffusivity of the solute gas in the liquid phase. The solid-liquid mass transfer coefficient,
ks, may then be calculated from the Sherwood number according to:

!ℎ =

!! !!
!

(34)

Given the photocatalyst particle properties presented in Chapter 2, and diffusivity of hydrogen in pure
water (which is reported to be 5.5x10-4 cm2/s 224), ks is estimated to be 2.6x10-2 cm/s. From this large
value of ks, it may then be concluded that the mass transfer resistance at the particle-liquid interface is
negligible and does not influence the overall process. Furthermore, the liquid-phase hydrogen
concentration at the particle surface can therefore be assumed to be equal to that of the liquid-phase
hydrogen concentration in the liquid bulk.

In the two-film theory describing mass transfer across a liquid-gas interface, it is supposed that thin films
exist on either side of the interface through which mass transfer proceeds solely by molecular
diffusion 225. It is generally assumed that all the mass transfer resistance across the interface is centered
within the two films and that diffusion through the films is the rate-limiting factor. Thus, according to
Fick’s Law, the rate of mass transfer across the interface will be proportional to the interfacial surface
area and the concentration gradient. For gases such as carbon dioxide, hydrogen and oxygen, it has been
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shown that nearly all of the mass transfer resistance exists on the liquid side of the interface 225, thus the
interface-to-gas mass transfer resistance can be assumed to be negligible. Furthermore, it can then be said
that the gas phase hydrogen concentration is in equilibrium with the liquid-phase hydrogen concentration
at the interface, CL*, according to Henry’s Law:

!! ∗ = !!! !

(35)

where !!! is the partial pressure of hydrogen and H is the Henry constant for hydrogen in water.

As the solid-to-liquid and interface-to-gas mass transfer resistances may be considered negligible, the net
rate of hydrogen production at the photocatalyst surface can therefore be assumed to be in equilibrium
with the rate of mass transfer across the liquid-gas interface in the separator unit described in Chapter 2.
Given the high degree of turbulence and the strong swirling motion of fluid in the separator, the separator
can be approximated as an ideal continually stirred tank reactor (CSTR). The hydrogen mole balance for
the separator can therefore be written as:

! !! − !! = !! ! !! − !!∗ !!

(36)

where kLa is the overall mass transfer coefficient, Cs is the liquid-phase hydrogen concentration in the
liquid bulk within the separator, and Vs is the volume of the separator. Escudero et al. 55 demonstrated that
the rate of hydrogen evolution was independent of the hydrogen partial pressure, implying that CL* is
significantly smaller than Cs. In addition, the hydrogen partial pressure in the separator unit employed in
this work is significantly diluted by the nitrogen purge gas stream used to carry the reaction products from
the separator, thus resulting in CL* being so small so as to be considered negligible. Equation 36 can
therefore be rewritten as:
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!! − !!
= !! !!!
!!

(37)

where CF is the liquid-phase hydrogen concentration in the liquid bulk exiting the fluidized bed reactor
and τs is the residence time of a fluid parcel in the separator is given by:

!! =

!!
!

(38)

It may be assumed that the overall mass transfer coefficient for the separator, kLa, is dependent solely on
the liquid flow rate through the reactor (as the design of the separator provides no means for external
agitation). From Higbie’s penetration model for mass transfer 226,227, the mass transfer coefficient, kL, can
be determined by:

!! = !!! = 2

1 !
!
!!!

(39)

where ! is a function of the hydrodynamic parameters of the model, m is a constant (for penetration and
surface renewal models 226, m = ½), θc is the “contact time” of a packet of fluid at the liquid-gas interface
and D is the diffusion coefficient of the solute gas in the liquid phase. It can then be hypothesized that in
the separator, the contact time of a parcel of fluid with the liquid-gas interface is proportional to the
residence time, τs, of a fluid parcel in the separator. The rate of mass transfer from the separator can
therefore be written as:

!! − !!
!
= !!!
!
!!
!! !

(40)
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For simplicity, the Vs term can be incorporated into the mass transfer constant k !! and equation 40 can be
written as:

!! − !!
= !!! !!!
!!

3.4

(41)

Optical Model and Direct Rate of H2 Evolution

The direct rate of hydrogen generation at the photocatalyst surface is assumed to be zero-order and is
proportional to the rate of photon absorption only. Therefore, the rate of hydrogen generation can then
assumed to be a function of the rate of photons entering into the fluidized bed reaction volume (which is
itself a function of the portion of the UV lamp covered by the expanded fluidized bed), the photochemical
efficiency and the concentration of photocatalyst particles in the expanded bed volume.

Accurate modeling of the rate of photon absorption and the optical properties of an expanded fluidized
bed (i.e., spectral absorbance, scattering and extinction coefficients) typically requires solving a complex
general radiation transfer equation (RTE) by Monte Carlo simulation – which is beyond the scope of this
work. However, Akehata and Shirai 228 demonstrated that the radiant energy distribution in an annular
photocatalytic reactor can be described by a simplified radial emission model when the ratio of the inner
reactor radius to lamp length is less than or equal to 0.1 (for the purpose of this work, the effective lamp
length is equal to the height of the expanded bed). The radial emission model can be expressed as:

!! ! !!!!"# (!!!! )
!(!, !) =
2!"

(42)

where I is the intensity of light at a point located at a radius, r, and height, z, within the fluidized bed of
particles, SL is the rate of photons with energy equal to greater than the band gap energy entering the
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reaction volume per centimeter of lamp length, Ccat is the photocatalyst concentration, and σ is an
aggregate attenuation cross section:

! = !!"#,! + !!"#,! + !!"#$$%&

(43)

where σabs,p, σabs.l, and σscatter are the probabilities of absorption by the particles, absorption by the liquid
phase, and the probability of scattering, respectively.

As seen in the radial emission model, the light intensity profile is constant in the axial direction and varies
only in the radial direction. The output of the UV lamp employed in our work was determined to be
largely constant over the length of the lamp (with output decreasing sharply close to the ends) and, as
such, it can be reasonably assumed that the total rate of photon absorption in the reaction volume varies
linearly with bed height. By integrating the radial emission model over the entire reaction volume defined
by a fluidized bed with an expanded bed height Hex, the overall rate of photon absorption, Pabs, can be
found:

!!"# = !! 1 − ! !!!!"#

(44)

!! = !!" !!

(45)

where Pi is the total rate of photons entering the reaction volume defined by the expanded bed and α is the
photon attenuation coefficient, which is defined as:

! = !(!! − !! )

(46)

86

Though the absorption and scattering properties of a fluidized bed can vary with the bed density,
Imoberdorf et al. 62 demonstrated through simulation of the RTE and experimental results that photon
absorption in an annular fluidized bed reactor follows the behavior described by equation 44. Therefore,
the derived expression for the rate of photon absorption can be assumed to be a reasonable first
approximation in our case.

As two photons are required to evolve one H2 molecule, the total rate of hydrogen generation, Rd, by a
fluidized bed of photocatalyst particles having a total mass Wcat and height Hex can then be expressed as:

!! =

Φ!!" !!
1 − ! !!!!"#
2

(47)

where Φ is the photochemical efficiency, which accounts for all e-/h+ recombination processes and
inefficiencies. Alternatively, the rate of hydrogen generation can be expressed on a per volume basis:

!! =

3.5

Φ!!
1 − ! !!!!"#
2!!

(48)

Back Reaction

Aside from electron/hole recombination processes, the undesirable platinum-catalyzed back reaction of
hydrogen and oxygen is the largest contributor to efficiency losses in photocatalytic water splitting
systems. While the back reaction is generally assumed to follow that of the combustion of hydrogen and
oxygen over platinum,

2!! + !!

!"

2!! ! + ∆ (ℎ!"#)
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few studies have explored the mechanism of the back reaction over Pt-deposited photocatalysts 229.
Several recent studies, particularly those addressing Pt catalysts in fuel cells, have demonstrated that there
are several of pathways through which the back reaction, more correctly referred to as the hydrogen
oxidation reaction (HOR), may proceed (a number of possible reaction steps are shown in Table 4).

Table 4: Possible reaction steps for the back reaction of H2 and O2 (i.e., hydrogen oxidation reaction, HOR)
over platinum surfaces.

Reaction
!! +

∗

!! ∗

!! ∗ +

∗

2! ∗

c. O2 adsorption

!! +

∗

!! ∗

d. O2* dissociation

!! ∗ +

∗

2! ∗

a. H2 adsorption
b. H2* dissociation

e. OH* formation

!∗ + !∗

f.

!! ∗ + !! ! ∗

g.

!" ! +

h. H2O* formation
i.
j. H2O desorption

! ∗ + !" ∗
2! ∗ + 2!" !
!! ! ∗

!" ∗ +
∗

∗

•

energetically unfavourable 229,230

2!" ∗

•

energetically favoured 229,230

!" ∗

•

occurs readily in alkaline media 231–233

!! ! ∗ + ∗
2!! ! ∗ + 2! !
+ ∗
!! ! + ∗

The hydrogen oxidation reaction begins with the adsorption and dissociation of H2 and O2 on platinum
surfaces to yield surface adsorbed hydrogen and oxygen atoms, H* and O*, respectively (reactions a-d in
Table 4). While surface adsorbed O atoms can react directly with H* to form surface hydroxyl groups
(reaction e), OH*, the reaction is not energetically favored and HOR is more likely to proceed through O*
reacting with surface adsorbed water, H2O*, to form OH* 229,230 (reaction f). The OH* species subsequently
react with H* to produce water, which in turn desorbs from the catalyst surface (reactions h and j). It has
been shown that OH-aq participates in the HOR as a reactant, potentially through H* reacting directly with
OH-aq in solution (reaction i) 234,235, and that in alkaline solutions the rate of the hydrogen oxidation
reaction is governed solely by H* coverage and OH-aq activity 233,234. Later results have indicated that OH*
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is the primary reactant as opposed to OH-aq 233 and that, in alkaline media, the adsorption of OH-aq onto the
catalyst surface enhances the hydrogen oxidation reaction 233. Furthermore, it has been established the
OH-aq can readily adsorb onto Pt surfaces (reaction g), especially so in alkaline solutions (such as that
employed in our work) 231–233.

For simplicity, the H* surface coverage is assumed to be proportional to the local concentration of H2 in
solution, which (as discussed previously) will be approximately equal to that of the H2 concentration in
the bulk liquid. As the HOR is determined solely by the H* surface coverage and OH*, which in our
system will be in great excess with respect to H* due to the high pH, the back reaction, rr, can be assumed
to behave as a pseudo-first order reaction:

−!! = !!! !!"# !!

(49)

where k !! is a first order pseudoconstant and CF is the liquid-phase hydrogen concentration in the liquid
bulk within the fluidized bed reactor.

3.6

Overall Rate of H2 Evolution

To determine the overall rate of hydrogen evolution, the fluidized bed can be modeled (as a first
approximation) as a CSTR:

! !! − !! = !! !!"# − !! !!"#

(50)

!! − !!
Φ!!
=
1 − ! !!!!"# − !!! !!"# !!
!!
2!!

(51)
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where Vbed is the volume defined by the expanded bed and !! is the residence of a fluid parcel in the
fluidized bed, which is defined as:

!! =

!!"# !!" !!
=
!
!

(52)

Once the fluidized bed/separator system reaches steady state operation (i.e., CF and CS are constant), it
can be seen that the net rate of hydrogen evolution in the fluidized bed is equal the rate of hydrogen
removal in the separator, hence:

Φ!!
1 − ! !!!!"# !! − !!! !!"# !! !! = !!! !!! !!
2!!

(53)

!! = !! + !!! !!! !!

(54)

From equation 41,

Therefore, equation 53 may be rewritten as:

Φ!!
1 − ! !!!!"# !! − !!! !!"# !! !! 1 + !!! !!! = !!! !!! !!
2!!

(55)

Therefore,

Φ!!
!!!!"#
!!
2!! 1 − !
!! =
!!! !!"# !! 1 + !!!! !!! + !!! !!!

(56)
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The net rate of hydrogen evolution observed from the separator can then be expressed as:

!!"# = !!! !!! !! !

(57)

Finally, by substituting equation 56 into equation 57:

!!"#

Φ!!" !! 1 − ! !!!!"#
=
2

!!! !!!
!!! !!"# !! 1 + !!! !!! + !!! !!!

(58)

It can be seen that the expression for the net rate of hydrogen evolution (equation 58) has the form
!!"# = 0.5Φ!"" !! , where Φ!"" is the apparent quantum efficiency (as per equation 13). Therefor, the
apparent quantum efficiency can be written as a function of the photocatalyst concentration and flow rate
(which in turn are both functions of W and Hex):

Φ!"" = Φ 1 − !

!!!!"#

!!! !!!
!!! !!"# !! 1 + !!! !!! + !!! !!!

(59)

Equation 58 may alternately be rearranged and expressed more simply as:

!!"
2
=
!!"#
Φ!!

1
1 − ! !!!!"#

!!!! = !!! !!

!!! !
!!!! !

+

!!! !
+1
!

(60)

(61)
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While the derived model shown in equation 60 is specific to the annular fluidized bed and separator
design employed in our work, the form of the equation will be similar for systems employing different
designs. For example, annular fluidized bed reactors having an inner reactor radius to lamp length ratio
greater than 0.1, the second term of the right hand side of equation 60 would require modification to
account for diffuse or spectral radiation emission models, however, the remainder of the equation would
remain the same. Similarly, for separators of different designs, such as hollow fiber membrane separators,
the mass transfer coefficient will vary with other powers of flow rate than the square-root, yet the
remainder of equation 60 would remain unchanged.

3.7

Discussion

On the right-hand side of equation 60 it can be seen that there are three terms relating to: the maximum
rate of hydrogen evolution per centimeter of bed height, the absorption of photons (as a function of
photocatalyst concentration), and performance loss due to the back reaction (as a function of flow rate and
photocatalyst mass). The parameters of these terms, namely ΦSL, α, k !! and k !!
! , were fitted to the
experimental data reported in Chapter 2 via a non-linear, least squares regression. The fitted parameters
for ΦSL, α, k !! and k !!
! are shown in Table 5 along with the fluidization parameters employed in the model.
Table 5: Fitted parameter values for Rnet as a function of photocatalyst mass, W, and bed height, Hex, and
relevant fluidization parameters.

Fluidization Parameters

Fitted Model Parameters

ρp

3.50 g/cm3

α

6.29 cm3/g

ε0

0.33

ΦSL

0.68 µmol/min/cm

Ac

14 cm2

k !!

4.0x10-3 cm3/g.min

n

2.72 (calculated)

k !!
!

4.5x10-3 (cm3/min)0.5

qe

11.15x103 cm3/min (calculated)
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While an extensive investigation of each separate parameter is required to generate accurate values, the
fitted parameters presented in Table 5 are each within their expected range and thus can be assumed to
provide reasonable estimates. The photon attenuation coefficient, α, is in close agreement with that
calculated from data presented by Imoberdorf et al. 62 and Vega 236 (! ≈ 6.3), both of whom employed
photocatalysts of similar size and composition, as well as reactors of similar dimension, to those
employed in our work. The rate of photons entering the reaction volume per centimeter of lamp length,
SL, was measured experimentally to be 2.48x10-5 einstein/min/cm, therefor the photochemical efficiency,
Φ, is estimated to be 2.78%. While there is no known published data for k !! and k !!
! , the fitted rate
constants in Table 5 yield estimated liquid-phase hydrogen concentrations in the separator (as per
equation 56) that one would expect for hydrogen dissolved in water under an atmosphere having a
moderately low hydrogen partial pressure.

Figure 22: Correlation of predicted hydrogen evolution rates with the experimental data presented
in Chapter 2 as a function of photocatalyst mass.

The fitted parameters were used to plot the predicted rate of hydrogen evolution as a function of
photocatalyst mass (Figure 22). The hydrogen evolution rates presented the figures of this discussion are
displayed with units of µmol/hr to keep consistent with convention. It can be seen that the predicted
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hydrogen evolution rates correlate closely with the experimentally measured values for photocatalyst
masses of 60 g, 80 g and 100 g (all having an expanded bed height of 24 cm). When 120 g of
photocatalyst particles were employed at high recirculation flow rates, the expanded bed height was
highly sensitive to slight fluctuations in the flow rate and it was not possible to maintain a steady bed
height at 24 cm. As such, it was necessary to reduce the flow rate to achieve steady operation at an
expanded bed height of 18 cm. As seen in Figure 22, the model slightly over-estimates the rate of
hydrogen evolution for 120 g of photocatalyst; however, the fit is still quite close under this set of
conditions. This discrepancy is likely due to error in the measurement of, or fluctuations in, the bed height
as the rate of hydrogen evolution is highly dependent on this value (as will be discussed later). However,
it must also be considered that the fluidized bed may deviate from CSTR-like behavior at reduced flow
rates or that optical properties of the expanded bed may also vary with photocatalyst particle
concentration and flow rate. Further experimental investigation and/or solution of a complex radiation
transfer equation would be necessary to better understand how the optical properties of an expanded bed
may vary with experimental conditions.

3.7.1

General Model Behavior

From equation 58 it can be clearly seen that for a given expanded bed height, the overall rate of hydrogen
evolution from the system increases with increasing photocatalyst particle concentration (due to improved
photon capture and absorption) and decreases sharply for low photocatalyst particle concentrations. The
relative contribution of this effect to the apparent quantum efficiency is demonstrated in Figure 23 where
it can be seen that photon absorption trends toward a maximum at a critical photocatalyst concentration.
This effect is similar to that reported literature for suspended photocatalyst slurries in that the rate of
hydrogen evolution increases with photocatalyst concentration and that there is no further increase
beyond a critical photocatalyst loading 22,136.
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From equation 26, it can be seen that the flow rate required to achieve a given bed height decreases with
increasing mass of photocatalyst particles in the fluidized bed. This reduction in flow rate, in turn, reduces
the mass transfer coefficient, and thus the rate of hydrogen removal, in the separator (as per equation 41).
Simultaneously, as the mass of photocatalyst particles increases, the rate of back reaction increases (as per
equation 49). As seen in Figure 22, the combined effect of mass transfer and back reaction results in a
reduction in efficiency with increasing photocatalyst mass. Maximizing the rate of hydrogen evolution for
a given bed height is, therefor, a balance between maximizing photon absorption while minimizing losses
due to mass transfer/back reaction effects. The overall contribution of both photon absorption and mass
transfer/back reaction losses to the apparent quantum efficiency is shown in Figure 22 and is seen to
display the characteristic curve shape observed in the other figures of this discussion.

Figure 23: The relative and overall contributions of photon absorption, mass transfer and the back
reaction to the apparent quantum efficiency as a function of photocatalyst mass.

3.7.2

Effect of Bed Height

While the maximum achievable rate of hydrogen evolution increases linearly with bed height
(i.e. 0.5HexΦSL), it can be seen in Figure 24a that the overall rate of hydrogen evolution does not. For a
given mass of photocatalyst particles, the percentage of photons absorbed by the fluidized bed decreases
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with increasing bed height due to a reduction in the photocatalyst particle concentration. In addition, for a
given mass of photocatalyst particles there is an exponential relationship between flow rate and bed
height (equation 26), meaning that the increase in flow rate required to change the bed height by a given
amount decreases with increasing bed expansion. For example, the increase in flow rate required to
double the bed height from 5 cm to 10 cm is greater than that required to further double the bed height
from 10 cm to 20 cm. The result of this behavior is that the separator mass transfer coefficient increases
more dramatically at shorter bed heights; further gains in the mass transfer coefficient diminish as the bed
height increases. This observation implies that, for a given mass of photocatalyst particles, the apparent
quantum efficiency decreases with increasing bed height, as the diminishing increases in mass transfer do
not offset the reduction in photon capture.

Similarly, it can be realized that for shorter bed heights the photocatalyst particle concentration can be
greatly increased to maximize photon absorption while minimizing the total mass of photocatalyst
particles, thus minimizing the back reaction. Indeed, it can be seen in Figure 24b that the maximum rate
of hydrogen evolution per centimeter of bed height (and therefore, maximum efficiency) decreases with
increasing bed height. The dashed line in Figure 24b indicates the maximum rate per centimeter of bed
height (i.e., maximum efficiency) that can be achieved by a given mass of photocatalyst particles.
Conversely, the dashed line may be thought of as the maximum mass of photocatalyst that should be
employed for a given bed height. While shorter bed heights yield greater efficiencies, the overall rate of
hydrogen evolution is low. Figure 24b should therefor serve as a guide when optimizing the reactor
design for cost, efficiency and the overall rate of hydrogen production.
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Figure 24: a) The overall rate of hydrogen evolution and b) the rate of evolution per centimeter of
bed height as a function of photocatalyst mass, W, and bed height, Hex. All other model parameters
are held constant at the values presented in Table 5.

3.7.3

Back Reaction and Mass Transfer Effects

The back reaction is the greatest source of inefficiency in the fluidized bed/separator system apart from
electron/hole recombination. Hydrogen is not only lost to the back reaction itself but the need to minimize
its effects by reducing the total mass of photocatalyst particles leads to a subsequent reduction in photon
capture and efficiency. As shown in Figure 25a, even modest decreases in k !! can lead to significant
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improvements in the overall rate of hydrogen evolution. It should be noted that in the absence of the back
reaction (k !! = 0), the behavior of the system is simply that of the photon absorption limited case
demonstrated in Figure 23.

Figure 25: The overall rate of hydrogen evolution as a function of photocatalyst mass for various
values of a) the back reaction rate constant, ! !! , and b) the mass transfer constant, ! !!
! for an
expanded bed height, Hex, of 24 cm. All other model parameters are held constant at the values
3
3
0.5
presented in Table 5. The units of ! !! and ! !!
! are (cm /g.min) and (cm /min) , respectively.
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Though a suitable non-noble metal catalyst that avoids the back reaction has yet to demonstrate water
splitting performance rivaling that of platinum, it may be possible to greatly minimize the effects of the
back reaction by other means. As seen in Figure 25b, increases in k !!
! can counter the effects of the back
reaction and yield a notable increase in the overall rate of hydrogen evolution. Optimization of the
separator performance, such as through increasing the size or liquid-gas interfacial area of the separator,
can improve the mass transfer coefficient. As demonstrated in Figure 25b, if k !!
! were to be made very
large the performance of the system would approach that of the back reaction-free case (k !! = 0) shown in
Figure 25a. This, herein, demonstrates the potential advantage of a fluidized bed approach over that of
suspended slurries. As the fluidized photocatalyst particles are contained only within the volume of the
expanded bed, parameters such as the separator volume can be altered without affecting the total mass of
photocatalyst particles in the system. Suspended slurry photocatalysts, on the other hand, are distributed
throughout the entire system volume and the back reaction occurs at all points in the reactor. Increases in
the separator volume of a suspended slurry system would result in an increase in the total photocatalyst
mass, along with a subsequent increase in the rate of back reaction. In addition to this, suspended slurries
of nanoparticles may be incompatible with improved separator designs such as vacuum-assisted
membrane separators.

3.7.4

Effect of Photocatalyst Concentration on Photon Absorption

In order to maximize the overall rate of hydrogen evolution and the apparent quantum efficiency, it is
necessary to maximize the photon attenuation coefficient, α. In Figure 26, the predicted rate of hydrogen
evolution for an expanded bed height of 24 cm is plotted for various values of α (holding all other
parameters constant). It can be seen that the overall rate of hydrogen evolution can be increased
significantly with even modest increases in α. In addition, the photocatalyst mass at which the maximum
rate of hydrogen evolution is achieved decreases as the photon attenuation coefficient is increased, thus
minimizing photocatalyst costs.
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Figure 26: The overall hydrogen evolution rate as a function of photocatalyst mass for various values of the
attenuation coefficient, α, for an expended bed height, Hex, of 24 cm. All other model parameters are held
constant at the values presented in Table 5. The units of α are (cm3/g).

The photon attenuation coefficient may be increased through several means. The first and most facile
method to increase α is by increasing the optical path length (i.e.. the distance between the outer reactor
wall and the inner annulus, ΔR = R ! − R ! ). It should be noted that this is best achieved by decreasing Ri
rather than by increasing Ro as the bed volume increases more rapidly with Ro (!"! !"! = 2!!! !!" ),
thus resulting in a large reduction in the photocatalyst particle concentration (for a fixed photocatalyst
mass) or an increase in rate of back reaction (for a fix photocatalyst particle concentration). In addition,
the volume-averaged rate of hydrogen evolution (equation 48) is increased as the reactor cross-section
area, Ac, decreases due to an increase in the average intensity of light incident on each particle. This
results in a higher rate of hydrogen evolution per particle, which in turn reduces the amount of
photocatalyst required. To maximize the photon attenuation coefficient, the design goal should therefor be
to maximize the optical path length while simultaneously minimizing the cross-section area. This dictates
that Ri should first be minimized as much as the design of the light source in the inner annulus will allow.

100

The photon attenuation coefficient may also be increased through modification of the particles or
deliberately designing for certain optical behaviors. For perfectly spherical particles, the angle of
incidence increases as photons strike the particle surface further from dead center and so to will the
amount of reflected light. Spherical particles will, therefor, exhibit increased reflection and scattering
from their surfaces, which may result in increased rates of photon loss due to absorption by the liquid
medium and photons exiting the reactor volume due to scattering. Particles may be designed to have
irregular surfaces that can reduce photon scattering and improve photon capture. Similarly, the
photocatalyst surface may be modified to have anti-reflective properties, such as through the application
of vertically aligned nanostructures 57. Both of these alternative approaches to photocatalyst design are
explored in Chapters 4 and 5.

Finally, by reducing the photocatalyst particle diameter α can be further increased. Small particle
diameters result in a large increase in the number of particles per gram of photocatalyst as well as
increased surface area for photon absorption. For example, suspended slurries of TiO2 nanoparticles can
achieve maximum photon absorption at concentrations as low as 1 g/L 22,136. While reducing the particle
diameter is highly effective in increasing the photon attenuation coefficient, the behavior of small
particles can introduce other factors that may result in decreased performance and efficiency.

3.7.5

Effect of Particle Size and Density

From equations 15 through 22, it can be seen that a reduction in the photocatalyst particle diameter results
in a reduced settling velocity and an increase in the expansion coefficient. While smaller particle
diameters are preferred to an extent due to their improved photon capture and lower fluidization velocities
(which translate to reduced pumping and equipment costs), the reduction in mass transfer in the separator
results in a dramatic decrease in the rate of hydrogen evolution. A similar effect is noted for low-density
photocatalyst particles as the required fluidization velocity for a given bed height is reduced, again,
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resulting in reduced mass transfer and a low rate of hydrogen evolution. In addition to mass transfer
effects, a small particle size also increases the surface area of the platinum-deposited photocatalyst and
with it the rate of the back reaction.

Figure 27: The rate of hydrogen and oxygen evolution over time for a 100 g sample of 0.5 mm
photocatalyst particles when using a) the normal separator configuration, and b) the modified
separator configuration intended to improve turbulence and liquid-gas contact. The particles were
fluidized with the same 2.2M aqueous Na2CO3 solution at an expanded bed height of 24 cm.

To examine the effect of small particle diameters, 100 g of 0.5 mm diameter TiO2 photocatalyst particles
were fluidized in a 2.2M Na2CO3 solution to an expanded bed height of 24 cm for 24 hours. The reduced
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particle diameter significantly reduced the required flow rate from 6.8 L/min to 3 L/min when compared
to the exact same conditions for the 1.1 mm particles. As seen in Figure 27a, the rate of hydrogen
evolution was depressed and unsteady throughout the experiment. It was also noted that the rate of
oxygen evolution was nearly negligible and marginally above the minute background levels.

As discussed previously, it is possible to counteract the effects of low flow rate and the back reaction by
increasing k !!
! . To demonstrate this, the previous 0.5 mm particle experiment was stopped after 24 hours
and the separator was reconfigured such that the inlet stream entering the unit impinged against the wall
of the seperator as a jet, causing the jet to break up into fine droplets. This modification significantly
improved the liquid-gas interfacial surface area, thus increasing the overall mass transfer coefficient. The
experiment was restarted using the same photocatalyst particles and reaction solution and the reactor
system was purged with a nitrogen gas stream to remove oxygen that was introduced when the separator
was opened. The expanded bed height and flow rate were then set to the same conditions as before.

Figure 27b illustrates the dramatic 350% increase in the rate of hydrogen production (after 24 hours of
operation) due to the increase in the overall mass transfer coefficient. It should be noted that the
fluctuations in the rate of hydrogen evolution rate seen in Figure 27b and apparent lack of a steady state
were due to the difficulty in maintaining a steady bed height at low flow rates as the bed height would
vary dramatically with minute changes in flow rate. This sensitivity to flow rate is an effect of the
increased expansion coefficient. After modifying the separator, the overall rate of hydrogen evolution
actually exceeded the rates observed when using the 1.1 mm particles, despite the smaller particles having
a higher platinum-deposited surface area and reduced flow rates. This suggests that the increased
performance may not be due to improved mass transfer alone and that the smaller particle size does
indeed contribute to improved photon capture.
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Figure 28: The stoichiometric ratio of hydrogen to oxygen with respect to time when using a
modified separator. The particles for 0.5 mm particles were fluidized in a 2.2M aqueous Na2CO3
solution at an expanded bed height of 24 cm.

It is also interesting to note that with the increase in the rate of mass transfer oxygen was observed to
readily evolve from the separator at the expected stoichiometric ratio with hydrogen (Figure 28).
Moreover, the gas evolution rates were observed to climb steadily and reach an eventual pseudo-steady
state in the same manner described previously in Chapter 2. This observation may suggest that the
(currently unknown) interaction of Na2CO3 with TiO2 may benefit from improved mass transfer and
removal of the product gases from the reactor. One hypothesis is that with low rates of mass transfer the
concentration of oxygen in the liquid bulk increases. The increased oxygen concentration then promotes
the photoabsorption of oxygen and formation of peroxo- compounds on the TiO2 surface, which may then
compete with the beneficial effect of Na2CO3 and promote electron/hole recombination at the
photocatalyst surface.

3.7.6

Other Fluidization Effects

While large, high density particles may be used to increase the fluidization velocities and maximize mass
transfer, one final aspect critical to the operation of fluidized bed reactors, though not accounted for in the
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basic optical model, is the fluid behavior of the expanded particle bed. Large particles with high densities
typically behave as Geldart Class B or Class D particles 206, which result in “bubbling” or “spouted” bed
behaviors, respectively. In these bed types, pockets of the fluid phase may travel through the expanded
bed, resulting in regions with low or no photocatalyst particles – allowing for photons to escape the
reactor, thus reducing efficiency. Modeling of such as system would require the solution of a complex
radiation transfer equation and is beyond the capabilities of the model presented here.

3.8

Conclusions

In this study we derived a mathematical model describing the water splitting performance of platinumdeposited photocatalyst particles in a fluidized bed/separator system. The model was fitted to the
photocatalyst performances reported in Chapter 2, which provided estimates for the maximum achievable
rate of hydrogen evolution, the back reaction rate constant, the mass transfer coefficient and the photon
extinction coefficient. It was found that the model is capable of accurately predicting the rate of hydrogen
evolution for a given mass of photocatalyst particles and expanded bed height. From this model, several
conclusions about the behavior of the system may be drawn:

1) The rate of hydrogen evolution and the apparent quantum efficiency of the system are directly
controlled by the rate of mass transfer in the separator unit, which in turn is a function of the
fluidization flow rate.

2) Optimizing the rate of hydrogen evolution is a balance between maximizing the rate of photon
absorption while minimizing losses due to the parasitic back reaction. This results in a maximum
in the hydrogen evolution rate with respect to the mass loading of photocatalyst particles in the
system. If the photocatalyst particle concentration is too low, photons pass through the system
without absorption. If the photocatalyst particle concentration is too high, the increased
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photocatalyst particle mass and reduced fluidization flow rates promote the parasitic back
reaction.

3) Optimizing the reactor dimensions and employing shorter expanded bed heights can improve the
efficiency of the system, however, the reactor output will be low. Increasing the expanded bed
height can increase the overall rate of hydrogen evolution from the system; however, this comes
at the expense of reduced efficiency.

4) The back reaction is the greatest source of inefficiency in the photocatalytic water splitting
system and efforts should be made toward minimizing its effects. It can be seen from equation 60
that if a co-catalyst which avoids the back reaction can be found, the governing equation for the
rate of hydrogen evolution collapses to that the photon absorption limited case:

!!"
2
=
!!"#
Φ!!

1
1 − ! !!!!"#

(62)

5) Improving the rate of mass transfer in the separator can counteract the effects of the back
reaction. It was demonstrated experimentally that modification of the separator unit to promote
mass transfer resulted in significantly improved rates of hydrogen evolution, especially for small
photocatalyst particle diameters. If the rate of mass transfer can be made significantly large with
respect to the back reaction, the performance of the system can approach that of a system devoid
of the parasitic back reaction. For very large values of k !!
! , equation 55 can be rewritten as:
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!

(63)

106

where it can be seen that rate of hydrogen evolution still exhibits a dependence on the flow rate
through the fluidized bed. Moreover, the effect of the back reaction decreases with increasing
flow rate and, therefore, large or dense particles may yield improved performance over small or
low density particles (ignoring differences in photon capture).

6) Photocatalyst particles having high bulk densities or large diameters (or both) are typically
preferred to small or low density particles as they necessitate the need for high fluidization flow
rates. This in turn promotes mass transfer in the separator and results in improved rates of
hydrogen evolution. This is contrary to initial expectations as particles with low bulk density or
small diameters typically exhibit better photon capture and require less energy for pumping.

7) Photocatalytic water splitting in a fluidized bed reactor may provide an advantage over suspended
slurry approaches as fluidized photocatalyst particles are contained only within the volume of the
expanded bed, whereas suspended photocatalyst slurries are distributed throughout the entire
system volume. This yields reduced rates of back reaction when compared to photocatalyst
slurries. Moreover, the fluidized bed approach allows for the separator design to be varied
without altering the total mass of photocatalyst particles employed in the system and allows for
improved separator designs that may not be technically feasible with suspended slurries.
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Chapter 4: Scalable Anatase Nanowire Growth for Water Splitting and
Photocatalytic Degradation
4.1

Introduction

TiO2 nanoparticles with one-dimensional (1-D) morphologies - such as nanorods, nanowires and
nanoribbons – have garnered a great deal of interest for photocatalytic applications, where they have
demonstrated excellent performance for photocatalytic hydrogen production 59,173–175 and water
remediation 159,176–178. The advanced performance of 1-D TiO2 photocatalysts is due, in large part, to their
excellent charge transport and separation properties. Their highly ordered structure greatly reduces grain
boundaries, which reduces the recombination of photogenerated electrons and holes 237. Moreover, films
of vertically aligned nanostructures significantly reduce the reflection of incident light and improve the
absorption of photons (which has also led to their use as anti-reflective coatings) 57.

Nanorods and nanowires have been produced by a number of methods, however, solvo-/hydrothermal
methods 162,184–187,191,238,239 have become most popular due to their relative simplicity. Hydrothermal
methods, however, often require specialized equipment, are energy intensive and are difficult to scale
beyond the laboratory. Moreover, most hydrothermal methods typically result in the formation of the
thermodynamically favored rutile phase. Anatase is often the desired phase for photocatalytic applications
as it typically produces greater activities than rutile and its conduction band energy levels are more ideally
situated for direct photocatalytic water splitting (i.e., without an applied bias) 78,90,240,241.

Protonated or ion-exchanged titanates have been employed as precursors to achieve crystalline TiO2 of
varying phases and shapes through careful selection of the post processing conditions 242. Indeed, posttreatment of titanates allows for the facile production of metastable phases such as anatase, brookite and
TiO2(B) 97, as well as branched nanostructures. Titanate nanorods have been produced via hydrothermal
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methods 189,243,244 and by soft chemical techniques 245, which require the controlled hydrolysis of Ti4+ as
well as the presence of cations to stabilize the titanate layers.

Water-soluble titanium complexes, such as peroxo-titanium complexes (PTC), which have gained
popularity as simple and easy to handle alternatives to the more reactive TiCl4, TiOSO4 and Ti-alkoxides
precursors 115,246,247, can be hydrolyzed in low-temperature systems to produce TiO2 nanoparticles in
solution 247,248. Hydrolysis of these water-soluble complexes in peroxide solutions containing a suitable
cation results in the formation of layered titanates 121. Cheng at al. have recently demonstrated that
hydrolysis of (NH4)2TiF6 in a urea-H2O2 solution produces titanate sheets which spontaneously stack
upon aging to form titanate nanowires 122. Peroxo-titanate complexes have typically been produced by the
dissolution of titanium metal in peroxide/ammonia solutions 118 or by dissolving titanium hydroxides,
produced by precipitation from typical Ti precursors, in H2O2 solutions 121. Wu et al. have demonstrated
that titanate nanowires can be grown on a Ti substrate in a H2O2 solution via a dissolution-precipitation
reaction 249.

Herein, we present a simple and scalable method for the rapid growth of anatase nanowires. In the
presented method (from here on referred to as Chemical Bath Deposition), titanate nanowires were used
as intermediate precursors that could be easily converted to crystalline anatase TiO2 via calcination at
temperatures ranging from 350 oC to 750 oC. As in-situ phase control during the growth of the nanorods
was unnecessary, reaction conditions could be tailored to produce long titanate nanowires quickly and
with high yield. By utilizing potassium titanium oxalate - a low-cost, water-soluble titanium salt - to
generate the peroxo-titanium complex, the precursor solution and titanate nanowires could be produced in
a single step. The resulting anatase nanowires were successfully employed for both the photodegradation
of Rhodamine B (RhB) and methanol-assisted photocatalytic hydrogen production, where they
demonstrated performance exceeding that of rutile nanorods produce via hydrothermal growth. While the
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terms nanowire and nanorod are often used interchangeably in literature, we use the two terms separately
to differentiate between two different structures. In this work, nanowire refers to the high aspect ratio (i.e.
long and thin) 1-D anatase TiO2 structures produced via Chemical Bath Deposition whereas nanorod
refers to the low aspect ratio (i.e. short and broad) 1-D rutile TiO2 structures produced via the
hydrothermal growth method.

4.2
4.2.1

Experimental
Substrate Preparation

Transparent, conductive fluorine-doped tin oxide glass sheets (FTO, TEC 7, 7 Ω/☐, Sigma Aldrich) were
cut into individual 13 mm x 47 mm slides. The FTO slides were then ultrasonically degreased and cleaned
in a 1:1:1 mixture of acetone, isopropyl alcohol and deionized water for 30 minutes, followed by an
additional 30 minutes in deionized water. The slides were then dried with flowing air. For several
samples, Kapton® polyimide tape was used to mask a 7 mm x 13 mm portion of one end of the slide to
prevent the deposition of nanorods or nanoparticles so that an electrical connection could be made to the
conductive FTO layer.

4.2.2

Growth of Anatase Nanorod Arrays via Chemical Bath Deposition

In a typical synthesis, 100 ml 30 wt% hydrogen peroxide (H2O2, Fisher) and 2–3 ml nitric acid (HNO3,
Fisher) were placed in a beaker and mixed for 10 minutes before the addition of 300 mg of potassium
titanium oxalate (PTO, Sigma Aldrich) and 0-200 mg of melamine (Sigma Aldrich). The solution was
gently heated to 40 oC and the solution was stirred until the melamine was completely dissolved. The
resulting PTO-H2O2 solution was colored an intense red-orange.

FTO slides were placed at an angle, conductive-side down, in glass vials (~20 ml) and 20 ml of the PTOH2O2 solution was added to each. The vials were loosely sealed to reduce evaporation while still allowing
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for the release of evolved gases. The sealed vials were placed in an electric oven and maintained at 90oC
for 7 hours. The slides were then removed from the vials and thoroughly washed with deionized water to
remove any excess solution or loosely bound particles. The samples were briefly dried in air, ensuring to
blow remaining water droplets from the deposited surface, and placed into an oven at 80 oC overnight.
The slides were calcined in air at temperatures ranging from 350 oC to 800 oC for 1 hour in a furnace.
Samples deposited from solutions containing 2 ml or 3 ml HNO3 are designated CBD-N-x and CBD-A-x,
respectively, where x is the calcination temperature.

4.2.3

Hydrothermal Growth of Rutile Nanorod Arrays

Vertically-aligned rutile nanorod arrays were grown on FTO-coated glass slides using a hydrothermal
method first presented by Liu and Aydil162. Briefly, 45 ml hydrochloric acid (Fisher, 37%) and 45 ml of
deionized water were added to a beaker and stirred for 15 minutes. Titanium (IV) butoxide (TBOT, 97%,
Sigma Aldrich), in the amount of 1.5 ml, was slowly added to the solution and allowed to mix for 15
minutes. Four 13 mm x 47 mm slides were placed at an angle, conductive-side down, in a 150 ml Teflonline hydrothermal vessel. Several slides were masked with Kapton® tape at one end. The TBOT solution
was transferred to the hydrothermal vessel, which was then sealed and placed in an electric oven at
150 oC for 12 hours. The nanorod-deposited slides were then removed from the vessel and thoroughly
washed with deionized water. The slides were briefly dried in air, ensuring to blow remaining water
droplets from the deposited surface, then placed into an oven at 80oC overnight. The slides were then
calcined in air at 550oC for 1 hour in a furnace. The rutile nanorod deposited samples were designated
HTV-TB.

4.2.4

TiO2 Nanoparticle (P25) Deposited Slides

For comparison purposes, ultrasonically cleaned 13 mm x 47 mm FTO slides were deposited with a layer
of P25 nanoparticles (Evonik) using a spin-coating method. TiO2 nanoparticles (4g) were added to a
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solution containing 5 ml deionized water, 20 ml ethanol (Sigma Aldrich) and 0.2 ml acetylacetone (as a
dispersant, Fisher) and allowed to mix for 1 hour. The solution was then ultrasonicated for 30 minutes.
An FTO-coated slide was placed in the spin-coater, conductive-side up, and 0.25 ml of the TiO2 solution
was deposited on the conductive surface. The slide was spun at 3000 rpm for 30 seconds, and then placed
into an oven at 80oC for 1 hour to continue drying before being calcined in air at 550oC for 1 hour in a
furnace.

4.2.5

Characterization

The various films were characterized by X-ray diffraction (XRD) using a Bruker D2 Phaser desktop Xray diffractometer using Cu-Kα radiation (1.5418 Å). Imaging and energy-dispersive X-ray spectroscopy
(EDX) were conducted using a Hitachi S-2600N Variable Pressure Scanning Electron Microscope
(VPSEM) and a Hitatchi S-4700 Field Emission Scanning Electron Microscope (FE-SEM). X-ray
photoelectron spectroscopy (XPS) measurements were recorded with a Leybold MAX200 utilizing Mg
Kα radiation. UV-Vis Diffuse Reflectance (UV-Vis-DR) spectra of the deposited films were measured
using an Ocean Optics Flame UV spectrometer with a tungsten-deuterium light source (DH-2000-BAL)
and reflectance probe.

Electrochemical analyses were performed using a standard three-electrode cell and a saturated calomel
reference electrode (SCE) and fine platinum mesh (10 mm x 30 mm) as the counter electrode.
Photoanodes were constructed by attaching a copper rod directly to the conductive FTO layer of each
sample slide via conductive silver epoxy. The copper rod was cover with heat-shrink tubing and all
exposed electrical connections were sealed with non-conductive epoxy. All regions of the sample slides
were masked with PTFE film save for a ~0.8 cm2 exposed region at on end of the slide. All
electrochemical measurements were performed in a quartz cell using 1M KOH (pH 13.6), which was
purged with Ar to remove dissolved oxygen and reaction products. An ultraviolet (UV) irradiation
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system consisting of four 8W low-pressure mercury T5 bulbs (primary output at 254 nm), placed 4 cm
from the quartz cell, was used to irradiate the samples during illuminated linear voltage sweeps (10
mV/s). Electrochemical impedance spectroscopy (EIS) measurements were made using the same set-up in
the dark with a frequency range of 10-1 to 105 Hz and an applied AC voltage of 10 mVrms. Both linear
sweeps and EIS measurements were conducted using a Bio-Logic VMP3 potentiostat and EC-Lab
workstation.

4.2.5.1

Hydrogen Evolution

Prior to all hydrogen evolution experiments, 13 mm x 13 mm samples were cut from the as-deposited
slides and placed individually into 10 ml beakers for platinum photodeposition. An appropriate amount of
an aqueous 9.2x10-4 M chloroplatinic acid solution, such that platinum would be photodeposited on the
TiO2 at a rate of ~1 wt%, was diluted with water and methanol to produce a 30-vol% methanol/water
solution, which was then purged with nitrogen for 1 hour to remove dissolved oxygen. Two milliliters (2
ml) of the purged platinum solution was added to each beaker such that each sample was completely
covered by solution. The beakers were then placed under a UV irradiation set-up consisting of four 8W
low-pressure mercury T5 bulbs and irradiated (254 nm, 5 mW/cm2) for 4 hours. The samples were rinsed
thoroughly with deionized water and dried in an oven overnight at 80 oC.

Photocatalytic hydrogen evolution was achieved in a custom-built four-cell reactor. Each reaction cell
was 24 mm in diameter, 10 mm deep and individually equipped with a pressure sensor, gas sampling port
and connections to allow vacuum- and N2-purging of each cell. The total head volume of each reaction
cell was approximately 6.3 cm3. In a typical experiment, a 30-vol% methanol/water solution was purged
with pure nitrogen (50 cc/min) for 1 hour to remove dissolved oxygen. A 13 mm x 13 mm Pt-deposited
sample was placed into a 20 mm plastic holder cup, which was then filled with 2 ml of the methanol
solution and placed in each cell. Each cell was sealed with a quartz glass window and purged with
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flowing N2 for 30 minutes; following purging, each cell was filled with N2 to an initial pressure of
141 kPa. The four-cell reactor was placed under the 4x8W UV lamp system and irradiated at an intensity
of 5 mW/cm2. The quartz window of each cell was covered with a shutter and the reactor was allowed to
reach thermal equilibrium, as evidenced by a steady-state cell pressure. The shutters were removed and
the samples were irradiated for 1 hour, during which time the pressure of each cell was recorded to
monitor the rate of gas evolution. Following each experiment, a 3 ml gas sample was taken from each cell
using a syringe and injected into a gas chromatography system (Agilent 7890A, dual TCD, He and N2
carrier gases) to determine the final hydrogen concentration.

4.2.5.2

Photocatalytic Performance

The photocatalytic performance of the nanorod-deposited samples was evaluated by the degradation of
rhodamine B (RhB). The TiO2-deposited slides were cut into 13mm x 13 mm samples and placed into the
bottom of identical 30 ml beakers, TiO2-side up. The beakers were each filled with 10 ml of a 5-mg/L
RhB solution and stored in the dark for 4 hours to allow the dye to reach adsorption equilibrium. The
samples were then irradiated by a UV lamp system, consisting of two 40W low-pressure mercury T5
bulbs (primary output at 254 nm); the height of the lamps was adjusted such that the UV irradiance at the
samples was measured to be 5 mW/cm2. Aliquots (3ml) of solution were collected from each beaker at
20-minute intervals and the RhB concentration was analyzed using a Cary 100 photospectrometer; the
aliquots were then returned to their respective beakers. The beakers were agitated gently by hand before
and after sampling to remove any concentration gradients. To evaluate the effect of mass transfer on the
rate of photodegradation, nanorod- and P25-deposited samples were suspended in 30 ml beakers above
magnetic stir bars using stainless steel mesh baskets; the beakers were filled with 20 ml of 5-mg/L RhB
solution and the lamp height was adjusted such that the irradiance reaching the samples was measured to
be 5 mW/cm2. The solutions were stirred at high rate and the samples were allowed to reach equilibrium
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with the solution in the dark for 4 hours before following the same experimental procedure described
above.

4.3

Results and Discussion

Vertically aligned, high aspect ratio nanowires were successfully grown on FTO substrates via a low
temperature chemical bath deposition method. This method utilized the thermal decomposition of a
peroxotitanium complex (PTC) in a H2O2/HNO3 solution containing ammonium ions to grow titanate
nanowires, which are then subsequently transformed to crystalline TiO2 via calcination in air. Two series
of samples were produced via chemical bath deposition using HNO3 concentrations of 0.31M and 0.46M,
and were labeled CBD-N and CBD-A, respectively.

SEM imaging (Figure 29 and Figure 30) revealed that long, high aspect-ratio nanowires were grown from
the FTO surface. The nanowires were, on average, ~62 nm x 1.11 µm and ~52 nm x 2.45 µm for CBD-N
and CBD-A, respectively. During nanowire growth, a large amount of precipitate was observed in the
CBD-N solution, while little to any was observed in the CBD-A solution; it is hypothesized that nanowire
growth in the CBD-N solution was limited due to the competing nucleation and precipitation of titanate in
solution. This effect is examined further in the formation mechanism discussion presented later.

X-ray diffraction analysis of the as-synthesized CBD-A samples (Figure 31a) revealed that the nanowires
are layered titanate, as indicated by the low-angle peak at 8.7o and a weak peak at 17.3o. An additional
weak peak overlapping the strong FTO background peak could be seen; Reitveld refinement revealed this
peak to be located at ~25.9o. These three peak angles are consistent with the Bragg relationship for
layered structures and correspond to lattice spacings of 1.02 nm, 1.02 nm and, 1.03 nm, respectively.
Calcination at 250 oC for 1 hour resulted in the low-angle peak shifting to 9.31o, indicating a narrowing of
the lattice spacing. This is consistent with the deintercalation of water or ammonia from the lattice. After
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calcination at 350 oC, the low angle peak disappears completely and is accompanied by the appearance of
a weak peak at 25.35o corresponding to the appearance of anatase.

Figure 29: a) cross-section and b) top-view SEM images of CBD-A nanowires grown in
peroxotitanium solution containing 0.46M HNO3

Figure 30: a) cross-section and b) top-view SEM images of CBD-N nanowires grown in
peroxotitanium solution containing 0.31M HNO3

4.3.1

XRD

For CBD-A samples calcined at temperatures ranging from 350 oC to 800 oC (Figure 31b), peaks that
index well to anatase (JCPDS 21-1272) can be clearly seen. The intensity of the anatase [101] peak
(located at 25.3o) increases up to 650 oC, followed by a subsequent decrease at 750 oC due to the partial
conversion of anatase to rutile (JCPDS 21-1276); thus, the titanate nanowires are fully converted to
anatase TiO2 at temperatures between 550-650 oC. The diffraction patterns for the CBD-N samples
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(Figure 58 in Appendix C) display the exact same behaviors as those described above for the CBD-A
samples, though the peak intensities are reduced in intensity due to the shortened nanowires in the
CDB-N films.
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Figure 31: a) Narrow-angle XRD pattern of CBD-A nanowires calcined at 80 oC, 250 oC and 350 oC
for 1 hour. b) XRD patterns of CBD-A nanowires calcined at temperatures ranging from 350 oC to
750 oC.

The titanate phase (Figure 31a) was identified as H2Ti5O11.3H2O (JCPDS 44-0130) by other researchers
who produced nanowires using a similar approach 94,250–252. It has been reported, however, that titanates of
the form H2TinO2n+1.yH2O (3≤n≤6) transform to TiO2(B) upon dehydration and calcination 97, while
titanates having the form HxTi2-x/4☐x/4O4.yH2O (where ☐ signifies vacant Ti sites) transform to anatase at
450 oC by way of an amorphous intermediate phase upon heating 92. Given the absence of TiO2(B) and
the amorphous nature of the samples calcined below 450 oC, we propose that the as-synthesized titanate
nanorods have the formula HxTi2-x/4☐x/4O4.yH2O. This is an important distinction as these titanates have
straight layers, unlike H2TinO2n+1.yH2O titanates that have stepped layers; this may provide further insight
into the formation of the nanowires. Moreover, Sasaki et al. demonstrated that the interlayer spacing of
the HxTi2-x/4☐x/4O4.yH2O titanates becomes expanded upon intercalation of water and ionic species 92,
yielding interlayer spacing similar to those observed in the uncalcined CBD-A samples.
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A small peak situated at 31.4o was observed in the calcined samples. A similar peak reported in nanowires
grown from titanate metal was suggested to be srilankite (JCPDS 21-1236) 249–251,253, a (Zr,Ti)O2 mineral
with an orthorhombic crystal structure; no zirconia, however, could be detected in our samples by EDX or
XPS analysis. Orthorhombic TiO2 polymorphs exhibiting a crystal structure similar to that of the mineral
may alternately be referred to as Srilankite-TiO2, though are chemically different from the mineral. The
srilankite peak increased in intensity up to 550 oC, and then subsequently decreased and disappeared at
higher calcination temperatures. As the calcination temperature was increased from 550 oC to 650 oC, a
small rutile peak was observed at 27.5o; however, the [001] anatase peak continued to increase in intensity
up to 650 oC while the srilankite peak decreased. This observation suggests that the srilankite-like phase
is a meta-stable intermediate and begins to transform to rutile at temperatures above 550 oC. The potential
cause of the srilankite phase is discussed further later.

4.3.2

UV-Vis-DR Analysis

The absorbance (Figure 32a) and band gap energies (Figure 32b) of the samples were determined via
diffuse reflectance spectroscopy. Equivalent absorption spectra were obtained from the measured
reflectance values via the Kubelka-Munk function 254, which is defined as:
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where R is the percentage of reflected light at a given wavelength, k is the absorption coefficient and s is
the scattering coefficient. As the scattering coefficient is largely independent of wavelength, F(R) is
directly proportional with the absorption coefficient and is thus commonly employed as a proxy for the
actual absorption coefficient. The CBD-A and CBD-N samples were translucent at low calcination
temperatures and became notably more opaque as the calcination temperature increased beyond 550 oC;
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this can be clearly observed in Figure 32a by the downward shift of the upward inflecting tail in the
visible region of the absorption spectrum with increasing calcination temperature.
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Figure 32: a) Diffuse reflectance UV-Vis absorption spectra for CBD-A samples calcined at
temperatures between 350 oC and 750 oC and b) Band gap energies for CBD-A and CBD-N versus
temperature.

The optical band gap of the samples was determined via the Tauc method 255, where the photon energy,
hν, is plotted on the abscissa and (khν)1/n is plotted on the ordinate (n denotes the nature of the electronic
transition and n = 2 for indirect semiconductors such as TiO2). The resulting “Tauc Plot” yields an
apparent linear region that indicates the onset of optical absorption; extrapolation of this linear region to
the abscissa reveals the band gap energy of the semiconductor. Again, as F(R) is directly proportional
with the absorption coefficient, F(R) can be substituted for k in the Tauc equation to yield (F(R)hν)1/n.
The band gap energies of both CBD-A and CBD-N were found to decrease gradually up to 550 oC,
beyond which they decreased sharply due to the transformation of anatase to rutile (Figure 32b). For
comparison, the band gap energies of P25 powder, P25-deposited film and HTV rutile nanorod films were
determined to be 3.23, 3.07 eV and 2.90 eV, respectively (Figure 59 in Appendix C). For all temperatures,
the band gap energies of the CBD-A and CBD-N samples were less than the 3.2 eV typically reported for
anatase nanrods 239, suggesting the possible doping or sensitization of TiO2 toward the visible region.
Tauc plots for both CBD-A and CBD-N samples display a second linear region beginning in the visible
119

region (Figure 33). This feature is particularly notable for samples calcined at 550 oC and 650 oC and
corresponds to an absorption onset at 2.60 eV. As the absorption of this feature is weak, it is not likely to
be due to a band-to-band transition but rather due to transitions to or from defect states in the band gap.
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Figure 33: Tauc plots for CBD-A samples calcined at 550 oC and 650 oC

4.3.3

XPS Analysis

XPS analysis of Pt-deposited CBD-A films revealed the presence of nitrogen, a well-known dopant that
yields visible light activity in TiO2. The nitrogen content of the CBD-A samples calcined at 350 oC
contained a significant amount of nitrogen in the amount of 2.8 at%, which decreased to 1.1 at% at
550 oC. Increasing the temperature to 650 oC resulted in a slight increase in the nitrogen content to
1.5 at%.

High-resolution XPS spectra over the Ti 2p binding energies (BE) (Figure 34a) displayed Ti 2p3/2 and Ti
2p1/2 peaks located at 458.7 eV and 464.4 eV, respectively, with a peak separation of 5.7 eV. These can be
identified as those belonging to anatase TiO2

256

. No notable Ti 2p doublets associated with Ti3+, which

would result from interstitial N-doping, could be observed.

The O 1s XPS spectrum was fit by three peaks (Figure 34b). The BE peak at 530.0 corresponded to Ti-O
bonds in the lattice 257; the position of Ti-O peak for the sample calcined at 350 oC was shifted to
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530.2 eV which was assumed to be due to N-containing species bound to the surface which were
desorbed or decomposed at higher temperatures. Accurate identification of the 531.7 eV peak is difficult
as a number of species, such as O=C-N 258,259, C-O 257,260,Ti-N 261, Ti-O-C 261 and –OH groups 256,262–265
have all been shown to have binding energies in this region. The 533.2 eV O 1s peak can be ascribed to
C-O(H) 266 and –C-O- 260.
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Figure 34: High resolution XPS spectra for a) Ti 2p, b) O 1s, c) Pt 4f, d) C 1s, and e) N 1s
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Photodeposited platinum was detected on the samples in the amount of 0.7, 1.6 and 1.6 at% for CBD-A
samples calcined at 350 oC, 550 oC and 650 oC, respectively. The Pt 4f peaks were fit with asymmetric
curves (Figure 34c) and were found to be located at 70.9 and 74.2 eV, indicating that the platinum was
reduced completely to Pt0.

Four peaks can be distinguished in the C 1s spectrum (Figure 34d). The first two peaks may be assigned
to adventitous carbon at 284.8 eV, and C-C 56,267,268 and C=N 269–271 at 285.5 eV. The peak observed at
286.9 at eV is due to the presence of C-O 56,257 and C-N 267,272. The high energy C 1s peak at 288.8 eV is
due to C=O 262, Ti-O-C or Ti-OCO 262,273.

The high-resolution N 1s spectra (Figure 34e) could be fit with four peaks centered at 398, 399.3, 400.6
and 401.7 ev. Binding enery peaks located at 285.5 eV and 400.6 eV have been shown to be due to the
presence of C=C-N- 36,274 and polycyanogen (-C=N-)x 275, while the 399.3 eV peak can be assigned to
C-N=C265, (-C=N-)x 275, =N- 269, and N atoms bound to three C atoms in a heptazine ring 271. The 400.6 eV
peak may also be due to –NH2269, graphite-like N-Csp2 bonds36 or oxidized N species such as Ti-O-N or
Ti-N-O linkages 276,277.

These binding energies are consistent with typical values for triazine compounds such as melamine 269,278,
and for TiO2 that has been doped with graphitic-carbon nitride (g-C3N4) or poly-s-triazine species, such as
melem or melon 36,274–276,279. It has been reported that heating TiO2 in the presence of urea, melamine or
other triazine species results in the polycondensation of triazine species on the TiO2 surface. Thermal
decomposition of urea forms melamine 36,275,280, which then undergoes polycondensation to form poly-striazine/heptazine (i.e., melem/ melam/melon) between 360 oC and 500 oC 281–283. The chemical structure
of melamine and its poly-s-triazine condensation products are shown in Figure 35. Heating poly-striazines above 550 oC results in the formation of g-C3N4 282. Poly-s-triazine and g-C3N4 doped onto the
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surface of TiO2 (herein collectively referred to as TiO2-N,C) have been shown to act as sensitizers that
extend the activity of TiO2 into the visible region and may thus explain the reduced band gap values
shown in Figure 32b. Indeed, the weak absorption feature noted in Figure 32a having an absorption onset
beginning at 2.6 eV, corresponds with common band gap values for s-heptazine (i.e., melon) and carbon
nitrides 283–285 and may be due to HOMO-LUMO transitions in these compounds or due to defect states
induced by their presence.

Figure 35: Chemical structures of melamine and its condensation products: melam, melem and melon

It can be seen in the N 1s spectra that as the calcination temperature increases from 350 oC to 550 oC,
there is a significant decrease in the peak centered around 400.3-400.6 eV, as well as decrease in the peak
centered at 401.7-402 eV. As the calcination temperature increases from 550 oC to 650 oC, the peaks at
398 and 401.7 largely disappear. The low binding energy N 1s peak at 398 eV is due to -NH- 265 and
C-NH2 269, while 401.7-402 eV peak has been assigned to N species in higher oxidation states, such as
NH4+ 286,287, as well –NHx groups 265,288. The initial large decrease in these peaks may be assumed to be
due to the reaction of –NH2 groups during the polycondensation of triazine, decomposition of
melamine/triazine species and the removal of any remaining NH4+, which may be intercalated between
the titanate layers. It has been shown that heating melamine in the presence of TiO2 results in N-H bond
breakage in the amine groups due to nucleophilic attack by surface –OH groups, resulting in the
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formation of Ti-(NH)- bonds 36,275,282,289. Moreover, it has been shown that titanates calcined in the
presence of urea and melamine formed TiO2-N,C 279,289, and that the high –OH content of titanates
promoted the polycondensation of triazine. This resulted in a higher poly-s-triazine content for TiO2-N,C
produced from titanates that those produced using TiO2 289. The reduction, and eventual disappearance, of
the 398 eV and 401.7 eV peaks as the calcination temperature is increased may then be attributed to the
consumption –NH2 groups via reaction with surface –OH groups and the polycondensation of triazine.

4.3.4

Thermogravimetric Analysis

Thermogravimetric analysis (TG/DTGA) for CBD-A and CBD-N (Figure 36) revealed that the nanowires
undergo two weight loss stages. The first weight loss stage occurred between 100 and 525 oC, where
CBD-A and CBD-N exhibit weight losses of 24.8% and 25.0%, respectively, and was followed by a
smaller secondary weight loss of 0.6% and 1.3%, respectively, between 525 oC and 670 oC. This first
mass loss is consistent with the dehydration and collapse of the titanate layers to form TiO2, however, the
mass lost over this range is greater than the expected 7-15% from protonated layered titanates 92,97,290.
(a)

0.5
80
0

75

200

300

400

500
o

Temperature ( C)

600

700

−0.5
800

1.5

90

1

85
0.5
80
0

75
70
100

200

300

400

500

600

700

Derivative Weight Loss (%/min)

85

95

Weight %

1

Derivative Weight Loss (%/min)

1.5

90

Weight %

2

100

95

70
100

(b)

2

100

−0.5
800

Temperature (oC)

Figure 36: TGA/DTGA curves for a) CBD-A and b) CBD-N

The polycondensation of melamine on the surface of TiO2 has been shown to occur between 360 oC and
500 oC 281–283, evolving ammonia with each polymerization step. The resulting poly-s-triazine species,
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such as melem and melon, have been reported to be stable in air up to 550 oC 281,291,292. Indeed, it has been
reported that TiO2-N,C exhibits rapid weight loss between 500 oC and 650 oC, which was attributed to the
decomposition or desorption of poly-s-triazine compounds 281,282,293,294. Gong et al. 289, however, reported
a sharp weight loss occurring at lower temperatures, between 350 oC and 500 oC, for TiO2-N,C heated in
air; this was ascribed to the depolymerization, oxidation and volatilization of melon. Gong et el. observed
a second, smaller weight loss between 550 oC and 800 oC. Similarly, it has been demonstrated that the
thermal decomposition of melamine on TiO2 may occur around 325 oC 282.

The skewed peak shape of the derivative weight loss curves between 100 oC and 525 oC appears to be due
to two overlapping weight loss peaks. Deconvolution of the DTG peak between 100 and 525 oC yields
two peaks, located at 260 oC and 310 oC for both CBD-A and CBD-N; these peaks correspond
approximately with the expected maximum rate of weight loss for the dehydration of titanates 92,97 and the
decomposition/ deammonation of melamine 12,280,282,283,293, respectively. The additional weight lost in the
first stage can, therefor, be attributed to the evolution ammonia (during polycondensation), the
decomposition of melamine and partial decomposition of poly-s-triazine; while the second weight loss
stage can attributed to the decomposition or desorption of poly-s-triazine compounds.

4.3.5
4.3.5.1

Growth Mechanism
Effect of Acid Concentration

The formation of the various TiO2 polymorphs is known to follow the Ostwald step rule 93,98, whereby the
least stable phase is precipitated first, followed by subsequent reformation of the crystal lattice to produce
the next stable phase. As such, slow particle formation or long aging times at moderate temperatures is
necessary for the formation of layered titanates; low temperatures (<80 oC) or fast hydrolysis typically
yield amorphous TiO2, whereas high temperatures (>150 oC) typically result in anatase or
rutile 93,98,99,121,295,296. It is known that increasing [H+] acts to slow the rate of hydrolysis and condensation;
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as such HNO3 was employed at concentrations of 0.31M and 0.46M, and were labeled CBD-N and CBDA, respectively.

Initially, the CBD-N solution was colored an intense orange, whereas the CBD-A solution was a deep
red-orange; as the reaction progressed, the color of each solution lightened to a pale yellow/orange. The
temporal color shift of each solution can be seen in Figure 60 in Appendix C. It was observed that during
nanowire growth there was a critical point at which nanowires began to deposit rapidly, which was
accompanied by an intense evolution of gas bubbles. It is hypothesized that deposited nanowires catalyze
the decomposition of H2O2, thus the rapid gas evolution corresponds with the onset of nanowire growth.
The onset of rapid nanowire growth was delayed in the CBD-A solution due to the slower rate of
hydrolysis and nucleation.

The CBD-N solution produced significant amounts of precipitated titanate during nanowire growth while
the CBD-A solution displayed negligible amounts. The slower rate of hydrolysis in the CBD-A solution
reduced homogeneous nucleation in solution and promoted heterogeneous nucleation on the substrate
surface, whereas nucleation and precipitation in solution competed with nanowire growth in the CBD-N
solution. This resulted in the growth of 2.45 µm long nanowires in the CBD-A solution versus the 1.11µm
nanowires formed in the CBD-N solution. It was also noted that the increase in [HNO3] resulted in a
slight decrease in the nanowire diameter from 62 nm in the CBD-N samples to 52 nm in the CBD-A
samples. It has been demonstrated that NO3- ions adsorb to TiO2 surfaces 297–299, thus the adsorption of
NO3- onto certain facets of the nanowires may promote anisotropic growth and result in narrower, welldefined nanowires. Wu et al. 249 noted a similar result that peroxo-titanium solutions without HNO3
resulted in broad, flake-like titanate growths, while the addition of HNO3 resulted in separated nanowires.
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4.3.5.2

Role of Melamine

It has been reported that cations, such as Na+, K+ or NH4+ present in solution act to stabilize the negatively
charged titanate layers, thus preventing layer collapse and crystallization 93,98,99,245,295,296. In the absence of
a suitable cation, charge neutrality can only be maintained by layers collapsing through destabilization
and recombination of TiO6 octahedra 300. Several researchers have produced ammonium ions in-situ by
the acidic hydrolysis of urea 245,301,302, hexamethylenetetramine (HMT) 303–308 and melamine 94,249–253,309 in
heated (>80 oC) solutions. The evolution of NH4+ through hydrolysis not only acts to stabilize titanates
but also serves to neutralize H+ liberated through hydrolysis of Ti4+ ions 117, thus allowing in situ control
of the solution pH. As such, both melamine and urea were investigated for their effect on nanowire
formation.

CBD-A solutions with and without melamine were heated at 90 oC for 7 hours. It was observed that the
solution without melamine quickly produced precipitate in solution with little-to-no nanowire growth and,
what little film that was deposit quickly delaminated from the FTO substrate upon drying. The solution
containing melamine produced 2.45 um-thick nanowire films with little precipitate (as discussed earlier).
It has been demonstrated that urea, triazine compounds (such as melamine), SO42- and F- ions act to slow
hydrolysis by coordinating with Ti4+ centers 246,293,310–313, which in turn slows homogeneous nucleation in
solution. This simultaneously leads to increased heterogeneous nucleation on both hydrophobic and
hydrophilic surfaces, which reduces precipitate formation, and improves adhesion and film growth.
Indeed, for CBD-A solutions containing melamine, nanowires could be seen growing not only from the
FTO substrate but also from the sides of the glass vials used to contain the reaction.

Solutions without melamine were initially colored pale orange, whereas the melamine-containing
solutions were a deep red-orange. This increasing color intensity suggests an increase in coordination
with the Ti4+, further supporting the hypothesis that melamine (or one of its decomposition products)
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coordinates with the Ti4+ centers (likely through the lone electron pairs of an amino groups or through
carbonyl/hydroxyl groups attached to the triazine ring). During nanowire growth, the solution containing
melamine noticeably lightened to a pale yellow while the solution without melamine remained bright
orange, indicating that a large amount of the peroxo-titanium complex remained unreacted in the absence
of melamine. For both solutions, the initial pH was measured to be ~0.1; however, after nanowire growth,
the pH of the solution with melamine increased to 0.55 whereas the pH of solution without only increased
to 0.2. The pH increase due to hydrolysis of melamine may drive the hydrolysis of the peroxo-titanium
complex, promoting the nucleation and growth of nanowires.

Figure 37: FESEM a) cross-section and b) top-view images of nanowires grown in peroxo-titanium
solution containing 45 mM urea

Urea was substituted for melamine in the amount of 45 mM (such that similar amounts of NH4+ liberated
by melamine hydrolysis would be achieved), producing an intense orange solution. The behavior of
nanowire growth from the urea-containing solution was much the same as that observed for melaminecontaining solutions; however, large quantities of precipitate were produced, in similar fashion to the
CBD-N solution (0.31M HNO3) described earlier. The less intensely colored solution and increased
amount of precipitate formed in-solution indicated that urea coordinates with Ti4+ less strongly than
melamine, thus increasing the rate of hydrolysis. As seen in Figure 37, the nanowire growth was stunted

128

to 1.49 µm due to competing nucleation-precipitation in solution, again, in similar behavior to films
grown in the CBD-N solutions.

Also shown in Figure 37, films grown from urea-containing solutions are more densely structured than
those produced from melamine-containing solutions and consist of blade-like nanowire bundles
100-200 nm wide. These blade-like bundles are formed by narrow nanowires ~26 nm in diameter attached
via their vertical faces. The isoelectric point of TiO2 is typically reported to be ~pH 6, thus TiO2 surfaces
in highly acid solutions will be protonated and have a positive charge. NO3- 297–299, HMT 242,314,315 and
urea 301,311 all may adsorb electrostatically to positively charged TiO2 surfaces (urea likely adsorbing as a
bidentate species via its amine groups). As discussed earlier, adsorption of NO3- onto the deposited
nanowires decreases nanowire diameter and improves nanowire dispersion, thereby preventing
aggregation of the nanowires. Adamu 299 demonstrated that the presence of 2 mM oxalic acid (which
adsorbs as a bidentate species) was sufficient to inhibit NO3- adsorption onto TiO2 surfaces. Moreover,
Yamabi 316 concluded that urea was preferentially adsorbed onto TiO2 nanorods, displacing SO42- anions
(which are known to adsorb strongly to metal oxide surfaces). The observed agglomeration of nanowires
into larger blade-like structures may, therefor, be the result of a reduction of surface adsorbed NO3- anions
due to competitive adsorption by urea. In contrast, melamine has been shown to only adsorb on TiO2 for
pH>5 317 and cyanuric acid displays nearly negligible adsorption on TiO2 12 at all pH, thus the adsorption
of nitric acid on the surface of the nanowires remains unaffected and long, individually separated
nanowires are produced. This effect may offer an explanation as to why reports utilizing peroxide
solutions with 94,249–253,309,318 or without 307,319,320 melamine produce individually separated nanowires,
whereas reports utilizing HMT (which adsorbs onto TiO2) produce nanoflower-like structures, where
smaller nanorods fuse together to form the nanoflower “petals” 305,306,315. It is not expected that oxalate
ions from the PTO precursor adsorb to the nanowire surface during growth as it has been shown that
oxalate readily decomposes in H2O2/HNO3 solutions 321,322.
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Lai and Wu 251 reported that the addition of 50-100 mM potassium titanium oxalate (PTO) to H2O2/HNO3
solutions containing 2.4 mM melamine during the growth of nanowires from Ti metal sheets resulted in
the formation of rutile nanoflowers forming on top of an initial layer of titanate nanowires. While no
explanation for this behavior was offered, the [Ti4+]/[melamine] ratio was overlooked. As the PTO begins
to hydrolyze, the [Ti4+]/[melamine] ratio may potentially exceed 50:1 and thus there is insufficient NH4+
present to stabilize the titanate layers, resulting in the formation of crystalline rutile TiO2. Similarly, Lin
et al. 245 demonstrated the importance of NH4+ concentration during the hydrolysis of TBOT in an
aqueous urea solution. It was reported that [urea]/[TBOT] >100 resulted in the formation of amorphous
titania which then formed layered titanates upon aging, while [urea]/[TBOT] < 100 resulted in the
formation of anatase TiO2. A [Ti4+]/[melamine] ratio of 1:2 was employed in our work to ensure sufficient
NH4+ concentration to stabilize the titanate layers.

Figure 38: Narrow-angle XRD pattern for nanowires grown in peroxo-titanium solutions
containing 15 mM melamine and 45 mM urea

One of the more interesting observations revealed by XRD analysis is the disappearance of the srilankite
peak located at 31.4o when urea is substituted for melamine (Figure 38). This is in agreement with
literature, where films grown in melamine-peroxide solutions contain a small amount of
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srilankite 94,235-239, while srilankite is absent in films grown in HMT-peroxide solutions 253,305,306. It can
therefore be concluded that melamine or one of its decomposition products is responsible for the
appearance of the srilankite phase. Cyanuric acid is known to be highly chemically- and thermally-stable,
due to its triazine ring, and is resistant to hydrolysis in acid conditions 323, whereas urea and HMT may be
hydrolyzed completely to NH4+ and CO2. Moreover, melamine derivatives make particularly good ligands
toward Ti4+ in solution 246,293,310,313 and have been shown to form complexes that are highly stable toward
hydrolysis 246.

Cheng et al. demonstrated through FTIR measurements that urea interacts with the Ti-O network during
hydrolysis, where urea coordinated with the Ti4+ centers via carbonyl groups, forming a Ti-O-C bond 324.
Similarly, it may be expected that hydrolyzed melamine derivatives coordinate with Ti4+ via carbonyl or
hydroxyl groups. As such, each melamine molecule may bond with up to three Ti4+ through Ti-O-C
bonds, depending on the degree of hydrolysis. These highly stable ligands may then be incorporated into
the titanate layers, with the triazine rings substituting for a Ti in the Ti-O network; the 288.8 eV peak
found by XPS analysis may be a result of Ti-O-C- bonds arising from melamine derivatives being
incorporated into the titanate layers. Indeed, triazine compounds have been shown to act as linking units
between metal centers to form metal-organic frameworks 325. Germain et al.326 demonstrated that partial
substitution of Ti by Zr in hydrothermally produced nanowires leads to the formation of the orthorhombic
srilankite crystal structure, which displays a dominant (111) XRD peak at ~31.4o. The srilankite crystal
structure arises due to the large ionic radius of Zr (compared to that of the Ti it substitutes). The radius of
the triazine ring is similar to that of the ionic radius of the large Zr atoms, thus the incorporation of
triazine compounds into the titanate layers may then result in the formation of a srilankite-like phase upon
calcination. Alternatively, Zhao et al. noted that layered titanates that were either fully protonated or fully
intercalated by NH4+ would produce anatase TiO2 upon calcination or hydrothermal treatment, whereas
titanates partially intercalated by both NH4+ and Na+ would result in the formation of brookite 93,98,99,
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which was a result of a lattice shear due to different deintercalation rates of NH4+ and Na+. Similarly,
melamine derivatives, which do not decompose until 320-650 oC 281–283,291–294, intercalated into the titanate
lattice may induce a lattice shear during dehydration and calcination, thus leading to an orthorhombic
intermediate phase. Further investigation into the connection between melamine and the srilankite phase
is required, however, results suggest that the hydrolyzed melamine products may be incorporated into or
between the titanate layers.

4.3.5.3

Effect of H2O2 ratio

Several samples were grown in solutions employing the same PTO, melamine and HNO3 concentrations
as the CBD-A films, however, the [H2O2]/[Ti] ratio was varied by diluting the stock H2O2 solution with
deionized water. The samples were then calcined at 550 oC for 1 hour. The XRD results of the resulting
films are shown in Figure 39. It was observed that, in general, reducing the [H2O2]/[Ti] ratio lead to faster
formation and increased precipitation. For [H2O2]/[Ti] = 100, the as-synthesized films still develop as
titanate, however, the srilankite phase increased considerably upon calcination at 550 oC. Decreasing the
[H2O2]/[Ti] ratio further (≤10), resulted in rapid precipitation which severely limited growth. Moreover,
the films did not form as titanate, but rather as rutile TiO2. Several researchers have demonstrated that, for
a given pH, the [H2O2]/[Ti] ratio is critical for controlling both the rate of particle formation and the
resulting phase in peroxo-titanium systems 119,278,327. It was reported that low [H2O2]/[Ti] ratios result in
fast particle growth and the formation of crystalline anatase and brookite, while intermediate ratios reduce
growth and produce crystalline rutile. High ratios retarded crystal formation entirely (resulting an
amorphous TiO2). Therefor, the high [H2O2]/[Ti] ratio employed in the growth of the CBD-A and CBD-N
films slowed hydrolysis and nanowire formation, thus favoring the titanate phase and reducing
homogeneous nucleation/precipitation in solution. Given that melamine derivatives form highly stable
ligands toward Ti4+ centers 246,310, the slower nanowire growth afforded by high H2O2 concentrations may
allow for more of these ligands to be hydrolyzed and removed from titanate layers, during the formation
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thus reducing the incorporation of melamine into the lattice, as evidenced by the reduction of the
srilankite phase.

Figure 39: XRD patterns of CBD-A nanowires grown in peroxo-titanium solutions of varying H2O2
concentrations, with [H2O2]/[Ti] ratios ranging from 1:1 to 1000:1

4.3.6

Photoelectrochemical Characterization

The current-voltage behaviors of CBD-A-550, HTV and P25 films were measured in both dark and UVilluminated conditions (Figure 40). At high bias potentials, the photocurrent of the anatase CBD-A
nanowires exceeds that of both the rutile HTV nanorods and P25 film. The CBD-A-550, HTV and P25
films achieved maximum photocurrents of 1.14 mA/cm2, 0.83 mA/cm2 and 0.53 mA/cm2, respectively.
The potential at which photocurrent onset was observed (Vonset) for both the CBD-A nanowire and HTV
nanorod films is shifted anodically with respect to that of P25. While the photocurrent onset for rutile
TiO2 is generally regarded to be at more anodic potentials than the anatase phase, the anodic shift of Vonset
for CBD-A (with respect to P25), however, suggests the presence of surface states which promote
recombination.
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Figure 40: Comparison of the I-V characteristics of CBD-A-550 nanowire, HTV nanorod and P25
films irradiated with 254 nm irradiation in 1M KOH electrolyte

The chopped photocurrent response for both the CBD-A and HTV films are shown in Figure 41.
Significant photocurrent transients that decay rapidly with time can be seen in Figure 41a. Photocurrent
transients are due to the electro-oxidation and –reduction of surface states (i.e., trapped holes) 140,171,328 as
the CBD-A sample is alternated between light and dark conditions, respectively; the rapid decay of the
photocurrent peak indicates a high density of surface states. It can be see that as the applied bias
increases, the photocurrent transient behavior is reduced and becomes largely negligible by 0.35 V (vs
RHE). By applying a bias voltage the Fermi Energy (EF) of the TiO2 may be shifted to potentials lower
(i.e., more positive) than the redox potential of the surface states (ESS) and thus conduction band electrons
can no longer fill the surface states. Therefor, 0.35 V (vs RHE) can be said to be the lowest energy state
of ESS and the surface state energy levels are situated below the conduction band. Trapping of holes in
surface state below the conduction band drastically enhance recombination as the water oxidation
potential is more positive than the surface state energy level, meaning the surface trapped holes can only
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be quenched by conduction band electrons 294,329 and not through water oxidation. Surface states, which
occur naturally to a small degree, can also be observed as small photocurrent transients for the HTV
nanorods (Figure 41b), though are significantly reduced compared to those seen in Figure 41a. Due to the
high density of surface states in CBD-A, Vonset cannot be used as a reliable measure for the flat band
potential (VFB) 330.
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Figure 41: Chopped-light I-V curves for a) anatase CBD-A-550 nanowires and b) rutile HTV
nanowires. Samples were irradiated with 254 nm irradiation in 1M KOH electrolyte. The light was
chopped at a frequency of 0.5 Hz. Linear voltage sweeps in light and dark conditions are included
for clarity.

CBD-A (Figure 41a) shows a small standing photocurrent beginning at -0.02V (vs RHE), however, no
photoresponse at potentials negative of this value can be observed. In contrast, the HTV film (Figure 41b)
exhibits notable photoresponse up to -0.2V, albeit with no standing photocurrent at potentials less than 0.03 V (vs RHE). As photon adsorption in the low wavelength region is very high (Figure 32a), photons
are absorbed in a narrow region near the semiconductor surface (the majority being absorbed within 10
nm from the TiO2 surface), which, in turn, increases the probability of electron recombination with holes
trapped in surface states. The lack of photoresponse at negative potentials for CBD-A, therefor, can be
explained by the use of 254 nm radiation and negligible band bending at potentials near VFB to separate
conduction band electrons from the TiO2 surface, which results in high recombination and quenching of
any photoresponse. Similar results have been reported for N- and C-doped TiO2 294,331–335, where
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photocurrents and photocatalytic performance were seen to decrease drastically at shorter wavelengths
due to increased recombination with holes trapped in surface states. The presence of shallow surface
states situated below the conduction band cannot be readily attributed to O2- surface vacancies or Nsubstitution doping in the TiO2 lattice, as XPS analysis did not reveal any discernable Ti3+ 2p3/2 peaks or a
396 eV peak, respectively, though such species may be below the detection limits of the XPS apparatus.
Peaks observed in the C 1s, N 1s and O 1s spectra - the 288.8 eV peak in particular - suggest the presence
of Ti-O-C 262,273,335 bonds which may result from linkages between the TiO2 surface and triazine rings. It
has been suggested that Ti-O-C bonds result in the formation of surface states below the conduction
band 334,335.

Electrical impedance spectra for CBD-A, HTV and P25 were taken in the dark (to avoid generation of
photoinduced surface states) at a bias of 0.4 V vs RHE (Figure 42a) and were fit according to the
equivalent circuit shown in Table 6. In this model, Rs is the series resistance of the cell, CPEDL and RDL
are the capacitance and depletion layer resistance, respectively. The Helmholtz layer is represented by
CPEH and RH, the Helmholtz layer capacitance and charge transfer resistance, respectively, and a
Warburg diffusion resistance, WH.
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Figure 42: a) Nyquist plots of CBD-A, HTV and P25 taken in dark at 0.4V vs RHE and b) MottSchottky plots for CBD-A, HTV and P25 at 4.8 kHz
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Rs (Ω)
CBD-A
HTV
P25

19.06
16.43
21.43

RDL (Ω)
5

2.10x10
2.31 x105
3.39 x105

CPEDL (F)
-4

5.05x10
4.77x10-5
5.54 x10-5

nDL
0.95
1.00
1.00

RH (Ω)
622.7
1855.8
1230.1

WH (Ωs-1/2)
4533
6250
1792

CPEH (F)
-5

2.53 x10
2.20 x10-5
2.73 x10-5

nH
0.92
0.93
0.91

Table 6: Equivalent circuit used for modeling the photoanode in 3-electrode configuration and
corresponding fitting parameters for dark conditions at 0.4V vs RHE.

From the given model, it was found that the charge transfer resistance in the Helmholtz layer was
significantly reduced compared to the other samples. More surprisingly, the double layer capacitance of
CBD-A was an order of magnitude larger than that of the HTV nanorods and the P25 film. The large
double layer capacitance arises due to the combined bulk resistance/ capacitance of the nanowires and the
parallel resistance/capacitance of the recombination process with the surface states. Moreover, the results
indicate that the surface states are not due to photoinduced species, such as surface adsorbed peroxide or –
OH groups, and are likely due to intrinsic defects, doping or absorbed species such as poly-s-triazines.
Though an attempt was made to model the parallel bulk and surface state recombination, it was not
possible to distinguish the relative contribution of each process at this time. Mott-Schottky analysis of the
CBD-A nanowires revealed a high frequency-dependent dispersion due to the presence of surface states
and, as such, could not be used to provide a reliable estimate of the flatband potential. It was observed by
Mott-Schottky analysis (Figure 42b), however, that the CBD-A nanowires and the P25 films have similar
dopant densities as indicated by their nearly identical slopes 336. This observation suggests that dopants
were not introduced into the TiO2 lattice, and that the high double layer capacitance and high
recombination rates are due to the presence of a surface species.
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4.3.7

Photocatalytic Water Splitting

Methanol-assisted water splitting was carried out in a specially designed reactor. Methanol was employed
as a hole scavenger to minimize the effect of surface states, accelerate hydrogen production (thus
increasing the sensitivity of the measurements), and to suppress O2 evolution via water oxidation (which
would promote the back reaction of H2 and O2 over the deposited platinum sites). Each reaction cell was
fitted with a pressure sensor to measure the time-course of gas evolution. The pressure was observed to
increase linearly with time (Figure 43a), indicating a constant rate of H2 evolution, and the change in
pressure correlated well with the final H2 concentrations determined by GC measurement. The H2
evolution rate for CBD-A was found, in general, to increase with calcination temperature, while CBD-N
displays no appreciable increase up to 550 oC (Figure 43b). Both, however, exhibit a rapid increase at
650 oC to a maximum H2 evolution rate of 4.15 and 2.89 µmol/hr for CBD-A and CBD-N, respectively.
The rutile HTV nanorod and P25 films displayed maximum H2 evolution rates of 1.21 and 7.12 µmol/hr,
respectively.
(a)

(b)

3.5
CBD-A-500
CBD-N-500
P25

4

H2 Evolution Rate (µmol/hr)

Pressure Change (kPA)

3
2.5
2
1.5
1

CBD-A
CBD-N

3

2

1

0.5
0

0

10

20

30

Time (min)

40

50

60

0
300

400

500

600

700

800

Temperature (oC)

Figure 43: a) Pressure increase with time due H2 evolution and b) H2 evolution rates for CBD-A
and CBD-N nanowire films calcined at temperatures ranging from 350 oC to 750 oC.

Interestingly, both CBD-A and CBD-N display a slight depression in performance when calcined at
500 oC; this may be due to formation of surface species such as poly-s-triazines, resulting from the
polycondensation of melamine 36,275,280–282, which promote electron/hole recombination.
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Thermogravimetric analysis revealed a small mass loss between 550 and 650 oC, which is consistent with
the desorption or decomposition of poly-s-triazine species that form surface states 281,293,294; the desorption
of these species would yield decreased e-/h+ recombination and a subsequent increase in performance. The
maximum in H2 evolution at 650 oC may also be explained by coexisting anatase and rutile phases, which
would improve charge separation and reduce recombination 337,338, or conversion of the srilankite phase
(whose effect on performance is not yet understood). It is suspected, however, that the former is the more
likely cause due to the observed increase in photodeposited platinum with calcination temperature, as a
reduction in surface state density would result in an increase in surface e- density and the rate of reduction
of Pt4+ at the semiconductor at surface. Both CBD-A and CBD-N exhibit a significant decrease in H2
evolution at 750 oC due to particle ripening and increased formation of the rutile phase. The observed
peak in hydrogen evolution at 650 oC may also be due to a larger concentration of surface Pt deposits. The
potential of the Pt deposits will be approximately equal to the hydrogen evolution potential and, therefor,
electron transfer to the Pt deposits will be energetically comparable or favored compared to electron
transfer to the surface states.

4.3.8

Photocatalytic Degradation of Model Organic Compound

Photocatalytic activities of the nanowire samples prepared at various temperatures were compared with
P25 and HTV nanorods by the photocatalytic decomposition of RhB under UV illumination. All samples
were coated or grown on to FTO glass, which was then cut into small samples (~ 13 mm x 13 mm). Mass
transfer effects were first investigated by supporting P25 and CBD-A-550 films above magnetic stir bars,
coated-side facing up, in identical beakers. The solution volume and lamp position were adjusted such
that incident power and solution depth above the films was identical to samples investigated without
stirring; the photodegradation rate of RhB rate was then measured with and without vigorous stirring. As
seen in Figure 44a, the photodegradation rate for the P25 film increased from 0.0023 min-1 to
0.0048 min-1 with stirring, whereas the CBD-A-550 film (0.0018 min-1) showed negligible change in
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performance. This same insensitivity to mass transfer was observed with several nanowire samples; it
was, therefore, concluded that the nanowire films were not mass transfer limited and it was possible to
conduct the photodegradation experiments without stirring. It is believed that the open structure of the
nanowire films, as opposed to the porous structure of the P25 films, yields reduced mass transfer
resistance.
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Figure 44: a) Photodegradation of Rhodamine B (RhB) in the presence of P25 and CBD-A-550
films with and without stirring, b) Photodegradation of RhB in the presence of CBD-A films
calcined at temperatures varying from 350 oC to 750 oC and c) the corresponding pseudo-first order
fits, and d) Comparison of the photodegradation performance of CBD-A and CBD-N nanowires
calcined at temperatures varying from 350 oC to 750 oC.

It was observed that the photodegradation rate using the CBD-A nanowires (Figure 44b) increased with
calcination temperature to a maximum for samples calcined at 550 oC and that calcination temperatures
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beyond this resulted in a reduction in performance. The photodegradation of RhB could be fit as a
pseudo-first order reaction (Figure 44c); the CBD-A nanowire films were found to have a maximum rate
of 0.0023 min-1 at 550 oC, a nearly 3x increase in performance over the rutile HTV nanorod films
(7.8x10-3 min-1). The observed increase in photodegradation rate with calcination temperature is a result of
complete transformation of titanate to anatase at 550 oC, as well as the thermal degradation of triazine
species incorporated on the nanowire surface (which largely decompose between 400-550 oC). Higher
calcination temperatures result in the formation of rutile, which is known to have a lower photocatalytic
performance than anatase, as well as coarsening of the nanowires, resulting in a decrease in surface area.
The performance of the CBD-A samples were found to be ~1.5-2 times as great as that of the CBD-N
samples (Figure 44d); this is in agreement with the difference in nanowire length, suggesting that the
difference in performance is primarily due to surface area alone.

4.4

Conclusions

Titanate nanowires were grown on FTO substrates using a simple chemical bath deposition method.
These titanate nanowires were then easily transformed to anatase by calcination. It was found that
calcination temperatures between 550 oC and 650 oC yield the highest activities for photocatalytic
hydrogen production and photodegradation of Rhodamine B. It was demonstrated that increased [HNO3],
high [H2O2]/[Ti] ratios, and the presence of precursors, such as urea and melamine, in the correct amount
are necessary for the slow hydrolysis of Ti4+ and the stabilization of the titanate phase during growth.
Moreover, it was demonstrated that urea and melamine precursors, intended for the evolution of NH4+
cations via hydrolysis, also behave as ligands that complex with Ti4+ in solution and slow the rate of
hydrolysis. Melamine was found to be an excellent ligand that is highly resistant toward hydrolysis,
resulting in the growth of 2.45 µm nanowires in high yields. The high stability of melamine, however,
may also result in its incorporation on the surface of the titanate nanowires. Melamine then forms
polycondensation products (such as melem and melon), during calcination of the titanate nanowires,
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resulting in the presence of hole trap surface states which result in increased recombination and reduced
recombination. The anatase nanowires were observed to have greater photocatalytic hydrogen production
and photodegradation performance than rutile nanorods produced by hydrothermal growth. Moreover, it
was found that in photoelectrochemical applications, where a bias potential may be applied, the
performance of the anatase nanowires as a photoanode far exceeded that of both the rutile nanorods and
P25 TiO2.
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Chapter 5: Advanced Fluidizable Nanowire Photocatalysts for Water
Splitting and Water Decontamination
5.1

Introduction

Growing global energy concerns and an increasing public environmental awareness has been fueling the
adoption of clean energy technologies, particularly in the automotive and household power sectors, which
has resulted in an increased demand for clean hydrogen fuels. Photocatalytic water splitting has long been
sought after as an emissions-free, sustainable, direct solar-to-chemical energy conversion method to
replace or augment current hydrogen production from conventional energy sources.

Titanium dioxide (TiO2) has been one of the most heavily researched photocatalyst materials for both
water splitting and water treatment due to its low-cost, high stability and large band gap 136,137,192. While
excellent photocatalytic water splitting research has been carried out over several decades, there have
been few reported attempts toward creating a scalable process. We recently demonstrated that
photocatalytic water splitting in a UV-irradiated fluidized bed reactor resulted in a marked increased in
the efficiency of the process, while simultaneously minimizing mass-transfer effects, poor radiation
distribution, parasitic back-reactions and photocatalyst handling difficulties which limit scalability of
immobilized-film and suspended slurry photocatalysts. The inherent nature of fluidized bed reactors also
allows for relatively simple scaling of the process. Moreover, we have presented a model describing a
fluidized water splitting reactor that provides further insight into the optimization and scaling of such
systems.

While the fluidization of TiO2 photocatalysts yields excellent performance and a scalable process, the
rigors of fluidization induce a great deal of mechanical stress, resulting in the rapid attrition of the
particles, thus limiting the exploration of advanced photocatalyst designs. One-dimensional TiO2
photocatalyst particles, such as nanorods, -wires and –ribbons, are highly desired as they have
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demonstrated excellent performance for both water splitting 19,34,59,339 and photocatalytic water
treatment 94,159,320,340 due, largely, to their excellent charge transport and separation properties. The highly
ordered nanostructure of 1-D photocatalyst arrays greatly reduces grain boundaries, which reduces the
recombination of photogenerated electrons and holes 237, and serves to reduce the reflection of incident
light and improve the absorption of photons 57. The harsh physical environment of a fluidized bed reactor
does not readily allow for nanostructured TiO2 photocatalysts, as the fine features would be quickly
removed from the particle surface. Several researchers have successfully deposited TiO2 photocatalysts
onto porous, fluidizable particles to protect photocatalyst coatings from particle-to-particle and particleto-wall collisions, which greatly reduced the mechanical ablation of the photocatalyst layer 65,72,157,158. The
research group of Langford and Kantzas 71–73,157,158 aptly described the structure of the porous support
particles as being “golf ball”-like, wherein the rough surface of the particles created many indentations
(much like the “dimples” of a golf ball) in which the deposited TiO2 photocatalyst coating could reside
and remain protected from mechanical ablation during fluidization. Such porous, “golf ball”-like particles
may provide sufficient protection to allow the use of 1-D nanostructured films on their surface.

One-dimensional nanostructured TiO2 films have been synthesized via a number of methods 86,159,179,
however, hydrothermal growth has proven to be of the most facile and popular methods 167,174,180–188. The
hydrothermal growth method presented by Liu and Aydil 162 has become one of the most popular and
highly cited methods due to its relative simplicity. This method, however, results in nanorods with the
rutile crystalline structure, which typically has been shown to be less active than anatase TiO2,
particularly so for water splitting 11,15–21. The solution-based hydrothermal nanorod growth method,
however, allows for all surfaces of the porous particles to be deposited with nanorods or nanowires in a
single processing step. In spite of its great potential, only a few examples of hydrothermal growth of TiO2
nanorods and nanowires on porous or high surface-area substrates have been published 94,341,342. Further,
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there has there been any work, to our knowledge, describing the scale-up of a hydrothermal method to
allow for the volume production of TiO2 nanorods.

Several researchers and ourselves have presented several low-temperature chemical bath deposition
(CBD) techniques that allow for long titanate nanowires to be deposited easy on a wide variety of
substrates 94; these titanate nanowires are then converted to anatase TiO2 nanowires by calcination or
crystallization in acidic hydrothermal baths 94,252,253. As these low-temperature methods do not require
specialized reaction vessels like the hydrothermal methods, they offer a greater degree if flexibility when
attempting to scale the production of nanowire deposited substrates.

We, to our knowledge, present here for the first time the production of TiO2 nanorod and nanowire
photocatalysts on porous, fluidizable substrates for use in a UV-irradiated fluidized bed reactor.
Moreover, we present two methods that expand upon both our own CBD nanowire process and the
popular hydrothermal nanorod method to allow for scalable production of fluidizable nanorod
photocatalysts. It should be noted that the terms nanowire and nanorod are employed to differentiate
between the 1-D structures produced by the two growth methods. In this work, nanowire refers to the high
aspect ratio (i.e. long and thin) 1-D anatase TiO2 structures produced via Chemical Bath Deposition
whereas nanorod refers to the low aspect ratio (i.e. short and broad) 1-D rutile TiO2 structures produced
via the hydrothermal growth method.

5.2
5.2.1

Experimental
Materials

Porous glass beads (Siran™ #4711, 1-2 mm diameter, Jaeger Biotech), shown in Figure 45, were
employed as porous substrates for the production of the fluidizable nanowire/nanorod-deposited particles.
The porous particles were measured to have a dry bulk density of 568 kg/m3 and a mean diameter of 1.6
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mm. The manufacturer-supplied specifications report the pore diameters <120 µm, pore volume to be 5560% and surface area as 87,056 m2/m3 (~1.53 m2/g).

Before use, the as-received porous glass beads were first cleaned by ultrasonication in a 1:1:1 mixture of
acetone, isopropyl alcohol and water for 30 minutes, followed by ultrasonication in deionized water for
30 minutes. The particles were then drained and dried in an oven at 80 oC.

Figure 45: SEM images of the porous Siran glass particles

5.2.2

Anatase Nanowire-coated Particles

The porous glass beads were first deposited with a TiO2 seed layer by placing 20 g of the bare substrate
into 80 ml of a 0.2M aqueous TiCl4 solution. The porous beads were allowed to soak in the solution for
12 hours, then rinsed with deionized water to remove excess solution and dried at 80 oC. The TiO2 seeddeposited beads were then calcined in air at 450 oC for 1 hour in an oven.

A growth solution was prepared according to the method we have described in detail in Chapter 4. In
brief, a growth solution was prepared by mixing 800 ml 30 wt% hydrogen peroxide (H2O2, Fisher) and 24
ml nitric acid (HNO3, Fisher) for 10 minutes, followed by 2.4 g of potassium titanium oxalate (PTO,
Sigma Aldrich) and 1.6 g of melamine (Sigma Aldrich). The solution was gently heated to 40oC while
stirring stirred to aid the complete dissolution of melamine, yielding an intense red-orange PTO-H2O2
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solution. The solution was then transferred to a 1-liter glass vessel containing 0–40 g of the seeddeposited porous beads. The glass vessel was sealed loosely to minimize evaporation while avoiding
pressurization of the vessel by gases evolved during nanowire growth, and then placed in an oven at 80 oC
for 7 hours. The titanate nanowire-deposited beads were first rinsed with deionized water, and then placed
in a 1M HCl solution for 15 minutes. The particles were then decanted from the solutions and rinsed
thoroughly with deionized water until the wash water measured a pH of 6–7; the particles were then dried
at 80 oC in an oven. The titanate nanowires were converted to anatase TiO2 nanowires by calcining the
nanowire-deposited beads in air at 550 oC for 1 hour in a furnace. This temperature was found to yield
complete conversion of the titanate to anatase and excellent performance in our previous study.

5.2.3

Rutile Nanorod-coated Particles

It was observed that highly acid hydrothermal conditions occasionally resulted in the dissolution of the
TiO2 seed layer formed by the TiCl4 treatment described above, resulting in delamination of the nanorod
layer, therefor an alternative seed layer method was developed based on a TiO2/sol-gel composite method
described by Keshmiri et al 112. A solution containing 17.6 ml ethanol, 1.2 ml H2O and 2.9 ml HCl was
mixed in a beaker for 10 minutes. Titanium tetraisopropoxide (TTIP, 22 ml, Sigma Aldrich) was added
drop-wise to the solution while stirring and allowed to mix for 1 hr. Commercial TiO2 powder (7 g,
Evonik P25) was added to the solution and left to stir overnight. The solution was then diluted with 81.3
ml ethanol and allowed to mix for 1 hour. The composite solution was transferred to a 250 ml beaker.
Porous glass beads (100 g) were placed in a stainless steel mesh basket and immersed in the composite
solution and allowed to soak for 10 minutes; the beads were stirred occasionally with a glass rod to
dislodge any air bubbles trapped on the surface of the beads. The basket was a withdrawn from the
solution slowly, allowing excess solution to drain away. The coated beads were spread on a tray in a
single layer and allowed to dry at room temperature over night. The beads were then calcined at 500 oC
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for 1 hour. This process was repeated twice to achieve a strong, even TiO2 layer over the entire particle
surface.

In a large beaker, 50–150 ml deionized water and 50–150 ml concentrated hydrochloric acid were mixed
to yield a total volume of 200 ml. TTIP was added to the solution in varying amounts (0–20 ml) and
mixed for 10 minutes. The solution was then transferred to a 500 ml Teflon-lined hydrothermal vessel
containing 0–20 g of the TiO2-composite coated porous beads. The sealed vessel was then placed in an
oven at 150 oC for up to 18 hours. The vessel was then cooled under running water to room temperature.
The growth solution was carefully decanted from the vessel and the nanorod-coated beads were recovered
in a fine mesh basket. The beads were then gently washed with in a 50:50 water/HCl bath to remove
excess solution (while avoiding hydrolysis), followed by gentle rinsing with deionized water until the
wash water measured a pH of 6–7. The nanorod-coated beads were dried in an oven at 80 oC overnight,
followed by calcining in an oven at 550 oC for 1 hour.

5.2.4

UV-irradiated Fluidized Bed Reactor System

The UV-irradiated fluidized bed system and its operation has been described in detail in Chapter 2. In
brief, an annular fluidized bed, with a quartz glass tube inner annulus, containing a low-pressure mercury
vapor ultraviolet (UV) lamp (Emperor Aquatics, 50W, 254 nm), and a polycarbonate outer annulus, was
employed. The UV lamp was not employed in this study. The photocatalytic reaction zone between the
quartz glass tube and the outer polycarbonate wall has an inner radius of 1.41 cm, an outer radius of 2.54
cm and an effective length of 32.76 cm, yielding a total fluidized reactor volume of 0.45 L. The inlet of
the fluidized bed reactor was comprised of a conical flow distributor designed to avoid jetting. The outlet
ports of the fluidized bed reactor were connected directly to a separator unit having a volume of 0.40 L.
The reaction solution was circulated from the separator back to the fluidized bed reactor inlet by a
PanWorld NH-100PX centrifugal pump. A stainless steel mesh filter was placed over the outlet of the
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separator to avoid entrainment of any eluted particles into the pump (where they would be macerated by
the impeller). A National Instruments USB-6212 Data Acquisition (DAQ) card was used to provide direct
control of the UV lamp and centrifugal circulation pump.

5.2.5

Attrition Resistance

The rate of attrition was determined using a spectrophotometric technique 143. Briefly, 70 ml of
photocatalyst particles are loaded into the fluidized bed reactor system, which was then filled with 1L
deionized water. The photocatalyst particles were then fluidized to an expanded bed height of 24 cm and
10 ml samples of the liquid phase were taken at several intervals. The UV lamp was not employed during
the attrition tests.

A solution (Solution A) was prepared by dissolving (NH4)2SO4 (3M) in concentrated H2SO4. Solution B
consisted of a 1.8M aqueous H2SO4 solution. The 10 ml aliquots containing TiO2 were transferred to a
ceramic dish, to which was then added 10 ml of Solution A. The mixture was then heated over a Bunsen
burner until boiling and the TiO2 dissolved (~10-20 minutes). The mixture was then qualitatively
transferred to a 25 ml volumetric flask using 5 ml deionized water. The volumetric flask was then filled to
25 ml with Solution B, then 200 µl H2O2 was added. The flask was then inverted and agitated to form a
yellow-orange peroxo-titanium complex. The concentration of Ti4+ was then measured using a Cary 100
photospectrometer by measuring the absorbance at 410 nm.

5.2.6

Characterization

The particles were characterized by X-ray diffraction (XRD) using a Bruker D2 Phaser desktop X-ray
diffractometer using Cu-Kα radiation (1.5418 Å). As the nanowire/-rod surface layer on the porous glass
particles was minute compared to the total bulk of the particles, it was often not possible to detect the
peaks arising from the 1-D nanoparticles once the nanowire/-rod deposited glass particles were finely
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ground and prepared for analysis. An alternate method was devised and a custom sample holder that
could hold a sufficient depth of whole particles was produced. Whole particles were then loaded into the
sample holder and leveled as flat as possible. The loaded sample holder was placed into the diffractometer
and XRD measurements were then made while rotating the sample holder at a speed of 2 rpm. This
approach averaged irregularities in the sample surface exposed to the detector and produced
diffractograms displaying peaks that indexed well with diffractograms of the 1-D nanoparticles grown on
flat indium–tin oxide (ITO) coated glass slides. It should be noted that while this method was sufficient to
identify the TiO2 phases present on the porous glass particle surface, the results may be inadequate for
further analyses requiring peak intensities (i.e. elemental and phase composition).

SEM imaging and energy-dispersive X-ray spectroscopy (EDX) were conducted on both the Hitachi S2600N Variable Pressure Scanning Electron Microscope (VPSEM) and the Hitachi S3000N VP-SEM
with EDX. The samples were mounted on adhesive carbon tape and coated with a 5 nm platinum layer.
Imaging was carried out at 5 kV to avoid electrostatic distortion of the images due to charging of the TiO2
and glass particles. Transmission Electron Microscopy (TEM) imaging was conducted on a FEI Tecnai
G2 200kV Transmission Electron Microscope. The nanowire and nanorod rod deposited particles were
ground in an agate mortar, then sonicated in pure ethanol. The fine TiO2 particles dispersed in ethanol
were then dropped on to TEM grids and allowed to dry at 80 oC for 5 hours before imaging. ImageJ
software was used to manually measure the nanowire and nanorod dimensions from the SEM and TEM
images, as well as to determine the crystal lattice interlayer distances by Fast Fourier Transform (FFT)
analysis of the TEM images. UV-Vis Diffuse Reflectance (UV-Vis-DR) spectra of the deposited films
were measured by using an Ocean Optics Flame UV spectrometer with a tungsten-deuterium light source
(DH-2000-BAL) and reflectance probe.
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5.3
5.3.1

Results and Discussion
Anatase Nanowire Growth

Titanate nanowires were grown on the porous TiCl4-seeded particles via a low-temperature chemical bath
deposition (CBD) method, which was presented in detail in Chapter 4. Unlike the hydrothermal growth
method, the CBD process does not require a specialized reaction vessel, thus the reactor vessel size could
be easily varied to produce desired batch sizes. As this method employs the use of a water-soluble
peroxo-titanium complex, the initial [Ti4+] concentration could be easily varied; however, [Ti4+] was held
constant at 8 mM for these experiments.

While titanate nanowires could be grown on the same TiO2-composite seeded particles employed for the
hydrothermally grown samples, it was found that the presence of the thick TiO2 seed layer catalyzed the
decomposition of H2O2. This in turn led to a rapid evolution of gas, making the reaction violent; this was
especially prevalent for high !!"#

!!"# ratios, where Mcat and Vsol are the mass of seed particles and

the growth solution volume, respectively. The use of TiCl4-seeded porous particles resulted in a reduced
rate of gas evolution and a gentler nanowire growth phase. As such, the TiCl4-seeded particles were
preferred from a safety and practicality standpoint. It was observed that the gas bubbles evolved during
nanowire growth caused the porous particles to fluidize and tumble in the reaction vessel. In contrast to
the hydrothermal growth of nanorods, where the particles form a packed bed, it is believed that this
mixing resulted in improved nanowire growth and particle-to-particle consistency, as well as served to
minimize the accumulation of nanoparticles precipitated in solution (through homogeneous nucleation) on
the particles surface.
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Figure 46: SEM images of nanowire-deposited deposited particles grown at [Mcat]/[Vsol] ratios of
(a-c) 5x10-4, (d-f) 2.5x10-3, (g-i) 5x10-3, (j-l) 0.025 and (m-o) 0.05 g/ml.

Titanate nanowires were grown on the porous seeded particles at !!"#

!!"# ratios of 5x10-4, 2.5x10-3,

5x10-3, 0.025 and 0.05 g/ml in an oven at 80 oC for 7 hours. The nanowire-deposited particles were then
calcined at 550 oC for 1 hour to convert the titanate nanowires to anatase. For all !!"#

!!"# ratios,
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dense films of vertically aligned nanowires were observed covering all surfaces of the porous particles
(Figure 46). In Figure 46, it can be seen that for low !!"#

!!"# ratios, the surface of the particles are

covered with flower-like nanowire “balls”, which are the result of homogeneous nucleation, growth and
precipitation of nanowires in solution. It can be seen that as the !!"#

!!"# ratio increases, the quantity

of nanoflower balls decreases and are largely absent for samples grown at !!"#

!!"# ratios of

0.025 g/ml and 0.05 g/ml. This observation indicates that increasing the total surface area on which
nanowires can grow promotes heterogeneous nucleation and reduces homogeneous nucleation in solution.

In Figure 46k and Figure 46n, regions of flattened nanowires can be seen on the apex points of the
particle surface that are the result of the vigorous tumbling during nanowire growth and subsequent
handling. Meanwhile, the majority of the nanowires (which reside in recesses below the apex points)
remain intact; this demonstrates the effectiveness of the porous particle shape in protecting the nanowires
during fluidization and from other mechanical damage.
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Figure 47: Nanowire length and diameter dependence on [Mcat]/[Vsol]
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As seen in Figure 47, a !!"#

!!"# ratio of 5x10-4 g/ml yielded 2.42 µm long, 70 nm wide nanowires as

a result of rapid nanowire growth. Increasing the ratio to 2.5x10-3 g/ml resulted in a sharp drop in both the
nanowire diameter and length. From 2.5x10-3 g/ml to 0.025 g/ml the nanowire length decreased slightly
while the diameter remained largely unchanged. Further increasing the !!"#

!!"# ratio to 0.05 g/ml,

however, resulted in the nanowire length deceasing sharply to 0.8 µm. The ideal !!"#

!!"# ratio was

thus chosen to be 0.025 g/ml to minimize the presence of nanowire balls (which may be easily ablated
from the particle surface during fluidization) while maximizing the nanowire aspect ratio and maximizing
the amount of nanowire-deposited photocatalyst particles that can be produced in a given batch.

5.3.2

Rutile Nanorod Growth

Rutile TiO2 nanorods were grown on the TiO2-composite coated porous glass particles using a modified
hydrothermal growth (HTV) method based on that originally presented by Liu and Aydil 162. Early
attempts to scale the hydrothermal process to grow nanorods on porous particles in any substantial
amount resulted in sporadic, inconsistent growth with high particle-to-particle variability where some
particles were covered entirely with nanorods while others were completely devoid of nanorod growth. It
was observed that particles at the top of the bed had better nanorod growth with those at the bottom
typically had poor or no growth. Moreover, it was observed that, under certain conditions, the nanorods
would delaminate or slough off the particle surface in sheets. Liu and Aydil observed a similar
delamination issue for treatment times beyond 24 hours, where it was hypothesized that when the system
reached an equilibrium between dissolution and growth processes (due to decreasing [Ti4+]), dissolution
at the glass/TiO2 interface resulted in delamination of the deposited nanorod layer. We observed that the
TiCl4-treated particles were particularly prone to delamination, especially at high acid concentrations or
high !!"#

!!"# ratios. By employing the TiO2-composite seed layer, which has been shown to be

mechanically strong 112,156, this delamination effect could be minimized.
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The HCl/H2O ratio, the amount of TTIP and the amount of porous substrate employed in the
hydrothermal vessel were varied to determine conditions under which nanorods could be successfully
grown on significant amounts of the porous particles. The various trials are summarized in Table 7. While
the dimensions of the resulting nanorods could be easily described quantitatively, the extent of surface
coverage, the nanorod film quality and the particle-to-particle variability could only be described in
qualitative terms. The quality of the resulting nanorod-deposited particles were classified into the
following three categories:

Class I (Good):
•

Dense, vertically aligned nanorod growth on all sampled particles.

•

Little particle-to-particle variability

•

Few, if any, regions devoid of nanorods

•

No delamination of the nanorod films

Class II (Moderate):
•

Nanorod growth on all sampled particles with some variability in nanorod density across
particle surface.

•

Little particle-to-particle variability

•

Few bare regions or regions with low nanorod density

•

No delamination of the nanorod films

Class III (Poor):
•

Patchy, sporadic or no nanorod growth

•

Moderate to high particle to particle variability

•

Significant delamination of the nanorod films

Examples of Class I (good), Class II (moderate) and Class III (poor) quality nanorod films are shown in
Figure 48.
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Figure 48: Examples of nanorod films exhibiting (a) Class I (good), (b) Class II (moderate) and (c)
Class III (poor) quality

Table 7: Summary of hydrothermal growth conditions and resulting nanorod dimensions
Initial Hydrothermal Reactor Conditions

Resulting Nanorod Dimensions

Sample #

VH2O
(ml)

VHCl
(ml)

VTTIP
(ml)

MKCl
(g)

Mcat
(g)

Time
(hours)

Rq

Growth
Quality

Width
(nm)

HTV-1

100

100

3.3

0

0.5

7

0.3

Good

257

Length
(µm)
1.72

HTV-2

100

100

3.3

0

5

17

2.6

Moderate

129

1.30

HTV-3

100

100

3.3

0

10

17

5.3

Poor

274

2.51

HTV-4

100

100

3.3

0

15

17

7.9

Poor

152

1.40

HTV-5

100

100

3.3

5

10

17

5.3

Poor

146

1.65

HTV-6

100

100

3.3

5

15

17

7.9

Poor

115

1.41

HTV-7

100

100

3.3

0

20

7

10.5

Poor

127

1.10

HTV-8

100

100

3.3

0

20

17

10.5

Poor

76

1.14

HTV-9

100

100

6.6

0

20

7

5.2

Poor

143

1.29

HTV-10

100

100

6.6

5

20

8.5

5.1

Poor

85

1.15

HTV-11

100

100

6.6

5

20

12

5.2

Poor

166

1.62

HTV-12

100

100

10

0

20

7

3.4

Moderate

322

1.18

HTV-13

100

100

10

5

20

7

3.4

Moderate

223

1.10

HTV-14

100

100

12

5

20

7

2.8

Good

302

1.13

HTV-15

100

100

12

8

20

7

2.8

Good

223

1.16

HTV-16

100

100

12

12

20

7

2.8

Good

228

1.15

HTV-17

100

100

12

5

25

7

3.5

Moderate

226

0.97

HTV-18

50

150

20

0

20

7

2.4

Good

257

2.83

50

150

20

3.5

20

7

2.4

Good

182

2.14

45

45

1.5

0

1

7

1.2

Good

240

1.65

HTV-19
HTV-20
a

a

grown in 180 ml hydrothermal vessel at 150 oC
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It was found that this classification followed a trend with a ratio, Rq, which was defined as:

!! =

!! !!"#
!!"# !!"#

(65)

where [H+] and [TTIP] are the initial H+ and TTIP concentrations (mol/L), while Mcat and Vsol are the
mass of porous particles and the total solution volume employed in the hydrothermal vessels. A clear
trend in the quality of the nanorod-deposited particles can be seen in Figure 49, where Rq was plotted
versus [H+]/[TTIP] for each trial and the markers were labeled according to the corresponding
classification. It was observed that for constant (Vsol/Mcat) (corresponding to the slope of the diagonal
lines) that the quality of the particles increases with decreasing Rq (Class I). This may be viewed either as
the particle quality increasing with lower [H+]/[TTIP] ratios, where higher [TTIP] results in higher rate
nanorod nucleation and growth, or increasing with lower Mcat/([TTIP] Vsol) ratios, where a minimum total
number of moles of TTIP is required for proper nanorod growth. Similarly, for constant [H+]/[TTIP],
corresponding to the horizontal lines in Figure 49, the quality of the particles increases with decreasing
Rq, implying an ideal [Mcat]/[Vsol] ratio. The range of Rq values defining the Class II (moderate) region
were not constant but rather appear to have a dependence on the [H+]/[TTIP] ratio, however, it was not
possible to derive an explanation for this relationship. The observed relationship between Rq and the
particle quality could be reliably reproduced in a smaller 180 ml hydrothermal vessel, indicating that the
relationship is independent of the vessel size (at least for vessels less than 500 ml). It should be noted that
the same fill percentage, Vsol/Vreactor, was employed for both vessels.

No clear relationship between Rq and the nanorod dimensions could be observed; however, it was noted
that for solutions employing 1:1 volume ratios of HCl/H2O, the nanorods typically grew to lengths
between 1.1 and 1.4 µm. It was simultaneously observed that in 1:1 HCl/H2O solutions, the amount of
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TTIP could not be easily increased beyond 12 ml (0.187 mol/L) without the formation of significant
amounts of precipitate, both during preparation of the growth solution and during nanorod growth in the
hydrothermal vessel. It is hypothesized that the high H2O content of these solutions leads to rapid
hydrolysis of the TTIP, especially so as the TTIP concentration increases, which results in the
homogeneous nucleation and precipitation of TiO2 in solution. This homogeneous nucleation and
precipitation competes with the heterogeneous nucleation and growth of nanorods, resulting in shortened
nanorod lengths.

Figure 49: Nanorod film quality classification versus Rq

It was found that by increasing the HCl/H2O ratio to 3:1, the amount of TTIP could be increased to 20 ml
(0.3 mol/L) without the formation of precipitate, which in in turn resulted in a ~200% increase in the
nanorod length to 2.8 µm. It should be noted, however, that by increasing the HCl/H2O ratio to 3:1, the
minimum amount of TTIP is required to achieve nanorod growth increases (as Rq increases); indeed, it
was observed that for a 3:1 HCl/H2O solution, 12 ml (0.187 mol/L) of TTIP resulted in little-to-no
nanorod growth. It is hypothesized that the increased [H+] and reduced H2O content of these solutions
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slows the rate of hydrolysis, reduces homogeneous nucleation and allows for a greater amount of TTIP to
be dissolved in solution, the combination of which resulting in the growth of longer nanowires; however,
the high [H+] may result in the inhibition of nanorod growth entirely if [TTIP] is not sufficiently high. It
was noted that increasing the HCl/H2O ratio resulted in a notable change of the nanorod shape; nanorods
grown at lower HCl/H2O ratios typically had straight sides and square ends, whereas nanorods formed in
high HCl/H2O ratio solutions had a pronounced tapered shape (Figure 50). This may be a result of the
higher [H+] having a more pronounced effect on growth rate where, as the concentration of Ti in solution
decreases during the course of nanorod growth, the rate of growth will reduce more sharply than solutions
with lower H+ concentrations, resulting in the tapered shape.

Figure 50: Nanorod-deposited particles grown in (a,b) 1:1 HCl/H2O solution with 12 ml TTIP and
(c,d) 3:1 HCl/H2O solution with 20 ml TTIP (corresponding to HTV-14 and HTV-18 in Table 7,
respectively)
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For nearly all growth conditions, the nanorods were observed to consist of bundles of smaller diameter
nanorods. It was found that the addition of KCl (up to 12 g) lead to a slight reduction in both the average
diameter of the bundles and the smaller nanorods that comprise them. A similar effect has been reported
where the addition of NaCl led to reduced nanorod diameters 162,343; this effect was discussed to be due to
selective adsorption of Cl- on certain facets or due to electrostatic screening. The relative increase in [Cl-]
due to the addition of KCl, however, is small, as will be any increase in Cl- adsorption, thus is it suspected
that the reduction in nanorod diameter was due primarily to the latter effect.

Figure 51: TEM image of graphitic contamination layer of nanorod surface

It was observed that the addition of KCl resulted in an increase of an immiscible organic phase suspended
on top of the growth solution; this immiscible phase is presumed to be an isopropoxide species resulting
from the hydrolysis of TTIP. It was necessary to carefully decant the immiscible organic layer before
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removing the particles from the hydrothermal vessel as the organic layer would easily contaminate the
surface of the nanorod-deposited particles and impart a hydrophobic behavior after drying and
calcination. Calcining organic-contaminated particles in air resulted in the formation of a graphite-like
layer on the surface of the nanorods. TEM imaging (Figure 51) shows that the graphitic layer was 1.5 nm
thick. The interplanar spacing of the graphitic layer was 3.3 Å, which is in agreement with (002) dspacing values reported in literature 344–346. The ideal hydrothermal growth conditions were chosen to be
those corresponding with HTV-18 (Table 7) as these conditions yielded dense growth of 2.8 µm nanorods
over the entire particle surface. Moreover, KCl was not added to the solution to over exacerbation of the
organic phase to avoid contamination of the particle surface.

Figure 52: (a) X-Ray diffraction patterns of (i) TiCl4-treated seed particles, (ii) nanowire-deposited
particles and (iii) nanowires grown on FTO glass slides. (b) X-Ray diffraction patterns of the TiO2composite seed particles and the nanorod-deposited particles.

5.3.3

Characterization

Titanate nanowires were grown on the porous, seeded particles at a !!"#

!!"# ratio of 0.025 g/ml in

an oven at 80 oC for 7 hours, then calcined at 550 oC in air for 1 hour to convert the titanate nanowires to
anatase. XRD analysis of the calcined particles (Figure 52a) revealed the nanowires to be anatase (JCPDS
00-021-1272) with the addition of a small peak located at 31.4o. This small peak has been discussed to be
due to the presence of srilankite-like TiO2 (JCPDS 21-1236) 249–251,253. We hypothesized in Chapter 4 that
the appearance of srilankite TiO2 may be due to the incorporation of triazine compounds into the titanate
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structure during nanowire growth as a result of the presence of melamine (which was employed as an insitu source of NH4+). As the glass particle substrate created a large background signal, nanowire samples
were also grown from fluorine-doped tin oxide (FTO) coated glass slides in order to provide a more
detailed XRD pattern for reference (shown in Figure 52a).

Figure 53: TEM images of (a) hydrothermally grown nanorods and (b) the lattice fringes. (c) The
SAED pattern for the nanorod shown in (b).

Nanorod-rod deposited particles were produced in a hydrothermal vessel employing growth conditions
corresponding to HTV-18 (Table 7). Figure 52b shows that the TiO2-composite seed particles were
primarily anatase. Minor rutile content was observed due to the P25 particles incorporated into the film. It
can be seen in Figure 52b that, following hydrothermal treatment, the particle surface is covered with
rutile (JCPDS 21-1276) nanorods. A small, sharp peak observed at 26.65o in Figure 52 was indexed to
SiO2/quartz, presumably arising from the glass particle substrate, which may develop a crystalline content
after multiple calcination steps at high temperatures. TEM imaging revealed that the nanorods consist of
narrow nanorods (~50-60 nm diameter) that have fused together via their vertical faces (Figure 53a).
Lattice fringes with interplanar spacing of 2.9Å and 3.2Å (Figure 53b) correspond with those of the rutile
(110) and (001) planes, respectively. As the [110] axis is perpendicular to the vertical sides of the
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nanorods, it can be concluded that the nanorods grow with their [001] axis normal to the surface of the
porous particles. The select-area electron diffraction (SAED) pattern (Figure 53c) indicates that the
nanorods are largely single crystalline throughout their length.
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Figure 54: (a) Tauc plots for the nanowire- and nanorod-deposited particles and (b) UV-Vis diffuse
reflectance absorption spectra for bare, seeded and nanowire-/nanorod-deposited particles

The band gap energies and absorbance of the CBD nanowire- and HTV nanorod-deposited particles were
determined from the diffuse reflectance spectra. The nanowire- and nanorod-deposited particles were
found to have band gap energies of 3.25 eV and 2.95 eV (Figure 54a), respectively, which are in close
agreement with band gap values reported for anatase and rutile TiO2 in literature 91,347,348. It can be seen in
Figure 54b that the optical absorption onset for the TiCl4-treated seed particles is similar to that of rutile
TiO2, indicating that the TiCl4 treatment yields rutile crystallites on the porous glass particle surface
which act as nucleation sites for nanowire growth. It can therefore be concluded that the phase of the TiO2
seed layer on porous particles does not effect the product phase of the nanowires or nanorods.

The anatase nanowire-deposited particles were measured to have a skeletal density of 2460 kg/m3 while
the rutile nanorod-deposited particles have a skeletal density of 2540 kg/m3, thus yielding effective
densities of 1700 and 1790 kg/m3, respectively, when the particles are fluidized in a 2.2M aqueous
Na2CO3 solution (~1200 kg/m3) for water splitting. The nanowire- and nanorod-deposited particles were
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measured to have dry packed bed densities of 570 kg/m3 and 620 kg/m3, respectively, each having a
voidage of 0.42. These physical characteristics place both particle types in Geldart class D (spoutable)206,
and yield estimated minimum fluidization velocities of 0.0038 m/s (~0.32 L/min ) and 0.0044 m/s (~0.37
L/min ), respectively.

The low bulk particle densities and reduced fluidization velocities observed for both the nanowire- and
nanorod-deposited particles yields several desirable and beneficial effects. The low bulk particle densities
reduce the mass and, therefore, the momentum of individual particles, which, in turn, reduces the force of
impact in particle-to-particle and particle-to-wall collisions. These reduced forces can serve to minimize
any damage sustained during impact and significantly reduce the rate of attrition. Similarly, the low
fluidization velocities typically provide gentler fluidization conditions and slower particle velocities,
which helps to further reduce the rate of attrition. Finally, the low fluidization velocities also serve to
reduce the total recirculation rate of the liquid phase. This, in turn, minimizes the energy required for
pumping (thereby improving the overall energy efficiency of the process) and minimizes the capital cost
of equipment as a smaller pump can be employed.

5.3.4

Attrition Resistance

The large surface pores of the glass particles employed in this work create networks of “valley”- and
“dimple”-like indentations surrounded by “peaks” and other large features (Figure 55). These deep
indentations provided large areas in which the mechanically weak TiO2 photocatalyst coating could reside
and remain protected from mechanical ablation during fluidization. Similarly, the outermost peaks served
to minimize the contact area in particle-to-particle and particle-to-wall collisions, as well as to bear the
force of impact. These effects are clearly demonstrated in Figure 55, which shows an anatase nanowiredeposited photocatalyst particle that was fluidized for 40 hours. As seen in Figure 55, the nanowires on
the outermost points were compressed into a flat film or ablated from the particle surface (leaving a small
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bare area) due to collisions with other particles or the reactor wall, yet the nanowires residing in the deep
indentations on the surface remain entirely intact. The small, damaged regions observed at the outermost
points represent only a small portion of the visible nanostructure-deposited surface and are only observed
under moderate-to-high magnification of select areas (thus making visual estimates of active surface area
lost to mechanical attrition challenging).

Figure 55: SEM image of an anatase nanowire-deposited particle after 40 hours of fluidization.
Nanowires were grown on the porous particles using a [Mcat]/[Vsol] ratio of 0.025 g/ml.

To determine the attrition resistance of the porous glass design, a measured amount of nanorod-deposited
particles (70 ml/42.82 g) and solid TiO2-composite spheres (70 ml/81.32 g) (which were developed
previously in Chapter 2) were individually placed the fluidized bed. The particles were fluidized in the
reactor (no UV illumination) using deionized water to an expanded bed height of 24 cm for over 40 hours
and the concentration of ablated TiO2 particles suspended in solution was monitored. It can be seen in
Figure 56 that both particle types exhibit a ‘break-in’ period with a high initial rate of attrition as loosely
bound or weak features are ablated from the particle surface. After 3.5 hours, most weakly bound TiO2 is
removed from the surface of the nanorod-deposited porous particles, however, this process continues for
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up to 5.5 hours for the solid TiO2-composite spheres. Following the initial break-in period, the TiO2composite spheres continue to erode at a constant 0.011 g/(L.hr) while the rate of TiO2 ablated from the
nanorod-deposited particles decreases significantly to a low 0.0011 g/(L.hr). The amount of TiO2 ablated
from the nanorod-deposited particles after 46 hours of fluidization was estimated to less than 1% of the
total mass of TiO2 deposited on the porous particles.

Figure 56: Attrition resistance as determined by the concentration of ablated TiO2 in solution
(gTiO2/L) for TiO2 Solid Spheres () and Nanorod-deposited samples ()

5.3.5

Comments on H2 Evolution Performance

While it was possible to successfully produce 1-D TiO2 nanostructures on the surface of the porous glass
particles, which in turn were shown to be highly effective in preventing the attrition of the nanostructures
during fluidization, it was not possible to successfully demonstrate photocatalytic water splitting in the
UV-irradiated fluidized bed with these photocatalysts at this time. As discussed in Chapter 3, the low
density of the porous particles results in very low flow rates required for fluidization (2-5 L/min),
resulting in poor mass transfer in the separator and a long residence time in the fluidized bed and thus
causing the back reaction to dominate. This in turn resulted in negligible rates of hydrogen evolution
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being evolved from the UV-irradiated fluidized bed reactor system. Attempts were made to increase the
required flow rate by decreasing the mass of photocatalyst particles in the reactor and increasing the
expanded bed height, however, this resulted in low photocatalyst particle concentrations (and thus poor
rates of photon capture). Furthermore, the highly expanded bed made controlling the height of
challenging. Similarly, it was attempted to reconfigure the separator to improve the rate of mass transfer;
however, none of the modifications yielded a noticeable difference at such low flow rates.

To correct for the low fluidization flow rates and allow the nanowire- and nanorod-deposited porous glass
particles to function without significant back-reaction and mass transfer effects, the separator unit would
require significant design revisions, optimization and remanufacturing. This is, unfortunately, beyond the
scope and time of this thesis. Revisions to the design of the system and further investigation of the water
splitting performance of the nanowire- and nanorod-deposited photocatalysts will be carried out in future
work.

5.4

Conclusions
•

Two separate methods have been developed that allow for the fabrication of fluidizable nanowire
and nanorod photocatalysts in large quantities.

•

Anatase TiO2 nanowires were grown onto porous particles using a Chemical Bath Deposition
(CDB) process. For [Mcat]/[Msol] = 0.025 gcat/ml, nanowires 53 nm x 2 µm long were reliably
produced in batches sizes up to 30 g of the porous particles. Batch sizes were easily varied by
using the appropriate volume of growth solution for the desire amount of porous glass particles.
The nanowires were observed to grow in high density over the entire particle surface for all
conditions studied.
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•

Rutile TiO2 nanorods were produced using a modified hydrothermal method (500 ml reaction
vessel) in batches up to 25 g of particles. The quality of the resulting nanorod films was observed
to varying according to the initial reactor conditions. A growth quality factor, Rq, was defined that
allowed for the quick calculation of the hydrothermal reactor conditions necessary to produce
good quality films. Rq allowed for good quality films to be grown on varying different batch
amounts and even different hydrothermal reactor sizes. For an initial growth solution having 150
ml HCl/50 ml H2O/20 ml TTIP, high-density nanorod films 2.8 µm thick could be easily grown.

•

It was found that the porous glass beads were highly effective in reducing the rate of
photocatalyst attrition. The protective features of the particles reduced the rate of attrition by 10x
to near negligible levels.
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Chapter 6: Conclusions and Recommendations
6.1

Conclusions

The objectives of this research were to: develop a photocatalytic fluidized bed reactor for hydrogen
production, to produce water splitting photocatalysts suitable for fluidization, and to identify the primary
factors determining the operation and performance of the system. The following sections provide a
discussion on the significance of the various outcomes and their impact on the wider contribution to
knowledge.

6.1.1

Photocatalytic Water Splitting in a UV-irradiated Fluidized Bed Reactor

In this work we developed a UV-irradiated fluidized bed reactor system employing an annular fluidized
bed design and a liquid-gas separator unit. It was found that by fluidizing platinum-loaded TiO2composite spheres in a 2.2M Na2CO3 solution, the system was capable of evolving hydrogen at steady
rates as high as 211 µmol/hr with an apparent quantum efficiency of 1.33%. When compared to the
performance of a platinum-loaded P25 TiO2 suspended slurry (1 g/L) in the same reactor, it was found
that the fluidized photocatalysts exhibit a 44% increase in the apparent quantum efficiency.

As the fluidized platinum-loaded photocatalyst particles remain in the irradiated volume of the reactor
only, the evolved H2/O2 is quickly carried from the reactor by the flowing liquid phase and is thus
separated from the photocatalyst. This is in contrast to the platinum-loaded P25 TiO2 suspended slurry,
which is circulated throughout the reactor system and remains in contact with the evolved H2/O2 for
extended periods of time. It is known that the presence of platinum deposits on the photocatalyst surface
catalyzes the back reaction of H2 and O2 to form water, resulting in a loss of efficiency. It is believed that
the more effective separation of H2/O2 from the Pt-loaded photocatalyst in the fluidized bed design gives
rise to the observed increase in efficiency.
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While there are several alternatives to platinum catalysts that can be applied for water splitting – such as
Au, Pd, Rh, Ni/NiO, Ag and Cu – many of the precious metals also catalyze the back reaction of H2/O2
and few have demonstrated performance comparable to or better than platinum 10,127. Several approaches,
such Cr2O3-coated noble metals 27 or molecular electrocatalysts 349, are being explored as means to reduce
or eliminate the back reaction over the metal deposits; however, most of these technologies are still in
their infancy. Our finding is significant as the use of a fluidized bed reactor design, with its improved
catalyst/product separation, may allow for the realization of increased efficiencies from existing
photocatalyst materials and potentially allowing for economically-viable water splitting in the near future.

6.1.2

Mathematical Model and Understanding of Performance Determining Factors

One of the most significant outcomes of this research was the derivation of a mathematical model
describing the behavior of the fluidized bed/separator system. From this model, it became apparent that
the performances of the fluidized photocatalysts employed in this thesis were largely dictated by mass
transfer in the gas-liquid separator (which, in turn, is a function of the fluidization flow rate) and the
capture of photons in the reactor (as a function of particle concentration and expanded bed height). The
parameters of this model were fitted to our experimental data and were found to be within their expected
range of values. The model and fitted parameters were used to predict the expected rates of hydrogen
evolution for the photocatalyst masses and bed heights employed in our experiments and it was found that
the predicted values closely matched the experimentally measured rates. By studying the model, it was
possible to understand how various parameters – such as the photocatalyst properties, separator
performance and reactor dimensions – affect the rate of hydrogen evolution.

From our model, it was seen that increasing amounts of photocatalyst in the reactor result in an increase
in photon capture and, subsequently, the hydrogen evolution rate. Increasing the photocatalyst amount
beyond a certain amount, however, resulted in a decrease in performance. While it may be first assumed
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that an excess of platinum-loaded photocatalyst simply promotes the back reaction of H2/O2, it was found
that the decreasing fluidization velocities required for higher photocatalyst loadings (at a fixed bed height)
had the most pronounced effect. As the rate of liquid-to-gas mass transfer in the separator was controlled
by the flow rate of solution through it, high photocatalyst loadings resulted in reduced mass transfer,
which in turn exacerbated the back reaction. The implications of this finding were surprising as it
suggested that large, heavy photocatalyst particles requiring high fluidization velocities would yield
increased performance, while particles with smaller diameters or reduced density would result in a
significant reduction in performance.

This model and its implications, unfortunately, eluded us until the end of our work, so it was not possible
to use it as a guide toward the design of the photocatalyst particles or the reactor system itself. The
behavior of decreasing performance with decreasing flow rate ran contrary to a number of the efforts we
made toward improving the photocatalyst design in this thesis (many of which were not reported). Small
particles and particles with reduced bulk density were sought for better distribution/adsorption of light, as
well as reduced flow rates (which would yield reduced pumping-related energy and equipment costs in a
scaled system). However, the behavior of the system when using these alternative particles was similar to
effects seen with contaminated or poor quality photocatalysts, resulting in a number of designs being
disregarded and considerable time being spent analyzing and “troubleshooting”.

The impact of this model on the understanding of water splitting in fluidized bed reactors has wideranging significance on the design and operation of both the reactor system and the photocatalyst. One of
the most critical facts revealed by the model is the importance of the design of the separator as even small
improvements in the mass transfer coefficient for a given flow rate bring about significant improvements
in the rate of hydrogen evolution. We demonstrated this in Chapter 3 where a slight reconfiguration of the
separator yielded at 350% increase in the rate of hydrogen evolution. If a fluidized bed water splitting
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system can be used in conjunction with efficient gas/liquid separation, the result may bring economically
viable water splitting with existing materials within reach.

From the model derived in Chapter 3, it was observed that optimization of the hydrogen evolution rate
requires a balance between optimizing photon capture while minimizing the effects of the back reaction.
These constraints, in turn, led to the understanding that the water splitting performance of the fluidized
bed can be improved by increasing the particle concentration in the fluidized bed while simultaneously
decreasing both the inner and out diameters of the reactor. This understanding suggests that a scaled
system consisting of several small diameter reactors is preferred over that of a system having a single,
large reactor. This has several implications on the design of a scaled, solar water splitting system:

1. The greatest performance might be achieved by employing an externally situated light source
focused on a narrow, tubular fluidized bed reactor as opposed to an annular reactor design.
2. The narrow, single tube reactor is ideally suited to be used with a concave parabolic
concentrating (CPC) mirror which can focus solar irradiation along the length of the reactor
tube. This is a simple and efficient alternative to the “light pipe” system that would be
required to deliver solar radiation to an annular fluidized bed reactor.
3. A number of tubular fluidized bed reactor/CPC mirror units can be arranged into a panel-like
array and connected by common inlet and outlet manifolds.
4. These panelized arrays can be easily manipulated by a heliostat to maintain maximum
performance through out the day and year.. While it is not yet understood how water splitting
fluidized bed reactors would behave when held at an incline, the ability to reorient the
reactors to maximize performance would allow the reactors to function in winter months and
at higher latitudes where the sun is positioned lower toward the horizon. This presents an
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advantage over “solar pond” concepts (which employ shallow suspended photocatalyst slurry
ponds) whose performance will vary with the sun’s azimuth throughout the day and year.
5. High quality, optically transparent tube materials (such as quartz) are commonly produced in
a range of small diameters and can be obtained at a relatively low cost; however, the price of
these materials can increase significantly with the diameter of the tube. As such, the narrow,
tubular fluidized bed reactors present a cost advantage over large or annular reactor designs.

6.1.3

Effect of Na2CO3 on the Performance of Photocatalytic Water Splitting

We demonstrate that carrying out water splitting in a sodium carbonate solution (2.2M) is vital both for
long term stability and high rates of hydrogen evolution. In the absence of Na2CO3, the performance of
the photocatalyst decays steadily with time toward a low steady state and does not evolve oxygen. We
then demonstrate that adding Na2CO3 to the system results not only the stoichiometric evolution of H2/O2
but also a recovery to high rates of H2 evolution.

While the significance of Na2CO3 is known in literature, little is understood about the mechanism by
which it acts. The current hypotheses in literature regarding of the effect induced by Na2CO3 is that it:
1) forms a layer over platinum surfaces and suppresses the back reaction, 2) improves desorption of O2 or
destabilizes peroxo species that deactivate the TiO2 surface, and 3) provides an alternate reaction pathway
involving that is favorable to the evolution of O2. In our work we demonstrate that the Na2CO3 effect is
photoinduced and the degree to which it affects the performance is dependent on the period of
illumination. Moreover, it is shown that removing the illumination source for several hours does not alter
this effect and that performance returns immediately to the same rate before the light source was
removed.
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While a complete understanding of the Na2CO3 effect remains elusive, our observations provide further
insight into its behavior. The observed results run contrary to the existing belief that its presence simply
alters the performance of the system but rather shows that the underlying mechanism involves a complex
relationship between photoactivated TiO2 and the Na2CO3 solution.

6.1.4

Fluidizable Photocatalyst Design and Manufacturing

In an attempt to improve both the mechanical stability and performance of the photocatalyst, we sought to
explore several variations of the photocatalyst design. While, ultimately, it was discovered that the
reduced flow rates (and thus reduced liquid-to-gas mass transfer in the separator) associated with the size
and density of the particles led to poor or negligible water splitting performance, the outcomes are no less
significant.

One design of particular note employs an entirely new photocatalyst architecture that combined attrition
resistant photocatalyst supports employed for water treatment and advanced nanostructured (yet
mechanically weak) photocatalysts found in photoelectrochemical cell research. This photocatalyst design
achieved the objective of being attrition resistant and allowing for aligned nanowire structures to be used
in physically demanding environments. While the low-density of the particles results in them being
unsuitable for water splitting at this time, the photocatalyst design may be adapted to other processes,
such as water treatment, and the methods we developed for their manufacture may find widespread
application.

To our knowledge, there are few methods that may be scaled easily for the production of nanowires and
nanorods in large volumes. It this thesis, we developed a novel method to produce long, vertically aligned
titanate nanowires that are then converted to anatase. This method was found to be remarkably simple and
scaled in a very simple manner, with the only limitation being the size of the glass containers that could
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be fit into our lab oven. Moreover, it was observed in electrochemical measurements that these anatase
nanowires could exceed both P25 TiO2 and rutile nanorods in terms of performance, both of which are
highly popular for the production of dye-sensitized solar cells.

In addition to the nanowire method, we expanded on the most widely used method for the production of
rutile nanorods to allow for nanowire growth onto high surface area substrates. Though this work we
developed a parameter that allows one to predict the growths conditions necessary for certain
applications. Through our own application of this parameter, we were able to not only grown nanorods in
highly acidic conditions (which until now was thought to be impossible due to inhibited growth at low
pH) but were also able to do so with great success, producing dense films of long nanorods over a high
surface area porous substrate.

6.2

Future Work and Recommendations
1. While the mathematical model developed was effective for our purposes, several simplifications
regarding the dynamic and optical behaviors of the fluidized bed were made. Developing a more
complex model that accounts for different fluidization regimes in the reactor, such as bubbling or
spouted beds, and their effect on the scattering and absorption of light, is recommended.

2. In order for the mathematical model to be employed with a high degree of confidence, it is
necessary to obtain accurate values for each of the model parameters. As such, each of the
parameters should be investigate independently. To facilitate investigation of the parameters,
several modifications to the system design are recommended:
a. Commercially available dissolved hydrogen and dissolved oxygen meters, or custommade Clark electrodes, should be situated at the inlets of both the fluidized bed reactor
and the separator in order to measure the real-time concentrations of hydrogen and
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oxygen in the liquid bulk. Similarly, a pH probe will allow for real-time pH monitoring.
These measurements will allow for the back reaction rate constant, k !! , and the separator
mass transfer constant, k !!
! , to be studied independently and accurately. To our
knowledge, such a study of a water splitting system has not been demonstrated in
literature.
b. A plethora of sample ports should be located along the length of the reactor body to allow
for optical and liquid sampling. By connecting long and short collimating tubes to each of
these sample ports, it is possible to measure the amount of specular and scattered light
reaching the out reactor wall, respectively. This will allow the optical behavior of the
fluidized bed under varying conditions and fluidization regimes to be easily studied. In
addition, the more rigorous optical measurements will provide more accurate calculation
of the quantum efficiency as well as support the modeling of the optical properties of the
bed through a complex radiation transfer equation.
c. Sodium carbonate can be notoriously challenging to work with due to its corrosive nature
and its tendency to “salt creep” (wherein dried Na2CO3 solution wicks more solution
from the system, which in turn dries and perpetuates the wicking/drying process). The
latter issue is particularly troublesome as the salt creep can produce significant leakage of
the Na2CO3 solution, particularly so at sampling ports. It is recommended that the optical
sample ports be permanently sealed with quartz glass windows and to minimize the
number of liquid sampling ports to avoid this issue.
d. Similarly, residual Na2CO3 solution can make cleaning the reactor system very
challenging as it can be difficult to remove all traces completely and any dried solution
present at fluid connections and seals during reassembly of the system results in salt
creep. Employing a highly modular system with Tri-clamp sanitary fittings (as opposed
to flanged connections with o-rings held together with bolts or machine screws) will
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allow for fast and complete disassembly of the system for thorough cleaning between
experiments. A vinegar or dilute HCl rinsing solution is highly effective for ensuring
complete removal of Na2CO3 during cleaning. Employing several drain valves at the
lowest points in the system will further facilitate the cleaning processes.
e. In order to study the effect of temperature on each of the parameters and the overall rate
of hydrogen evolution, it is recommended that a heat exchange unit be placed in series
between the pump and fluidized bed reactor. If suspended slurry photocatalysts are to be
employed in the system during future studies, it is highly recommended that the heat
exchange unit be a flat plate exchanger designed for easy disassembly and cleaning (such
as those designed for brewing or biological applications) as the photocatalyst
nanoparticles can be notoriously challenging to eliminate from a system completely
(particularly so for equipment having high surface area and complex geometry).

3. As the performance of the fluidized bed water-splitting reactor was highly dependent on the rate
of mass transfer in the separator, the performance of the system and the range of possible
photocatalyst designs can be greatly enhanced by a more efficient separator. Moreover,
significant improvements to the separator performance are required in order to achieve
appreciable rates of hydrogen evolution from the nanowire- and nanorod-deposited photocatalyst
particles presented in Chapter 5. In addition, more in-depth studies of the system parameters can
be made if the separator performance can be made largely independent of the flow rate.

Hollow-fiber membrane separators should be investigated as suitable design alternatives due to
their high contact area and ability to apply a vacuum to facilitate hydrogen removal. Moreover,
the performance of hollow-fiber membrane separators may exhibit a reduced dependence on flow
rate through the unit. Alternatively, a drum-type gas-liquid separator with a volume larger than
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the unit employed in this work (so as to provide an increased residence time) may also be
employed. The drum-type separator may be modified further such that the liquid stream entering
the separator is sprayed as a fine mist to maximize the gas-liquid interfacial area.

4. The primary design objective of any fluidized bed water splitting system employing
precious metal-loaded photocatalysts should be to first maximize the design and
performance of the separator. Any efforts to enhance the performance of the photocatalyst are
mostly futile while the separator is the limiting factor.

5. Fluidization of small photocatalyst particles offers enhanced photon absorption and more
effective bed behavior (i.e., no bubbling or spouting). If a more efficient separator can be
realized, such that flow rate no longer limits the performance of the small particles, the
development of small diameter photocatalyst particles should be made a priority to:
•

Improve fluidization behavior

•

Improve photon capture

•

Reduce flow rates (thus reducing energy and capital costs)

6. Once the separator has been optimized to minimize the back reaction, greater focus should then
be placed on developing photocatalyst particles that exhibit visible light activity so that the solarto-hydrogen conversion efficiency may be improved. Recent visible light active photocatalysts in
literature have begun displaying improved efficiencies, though many still fall short of the
efficiencies needed to yield an economically viable solution. These photocatalysts should be
investigated for use in the fluidized bed system as the reduction in the back reaction achieved by
the fluidized bed/separator approach may yield the efficiency increases necessary to achieve an
economically viable process.
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7. Similarly, once the separator has been optimized to remove mass transfer limitations and
minimize the back reaction, efforts should be directed toward maximizing photon capture and
minimizing charge recombination. This can be achieved through the design of the fluidized bed
reactor (by optimizing the reactor dimensions, reflective surface coatings to minimize photon loss
form the reactor, etc.) and the particles themselves (such through particle size, surface texture,
material selection, etc.). However, care should be taken to avoid increasing the back reaction in
the process. The fluidizable nanowire- and nanorod-deposited photocatalysts presented in Chapter
5 demand further investigation once the mass transfer related issues can be resolved.

8. As the fluidized bed system yields improved performance through enhanced separation of the
platinum-loaded photocatalyst and the evolved H2/O2, the question remains: Does the use of a
fluidized bed design yield any net benefit for noble metal-free photocatalysts? If so, how will its
performance compare to slurry photocatalyst systems? While there are few alternative cocatalysts that can match the performance of Pt, metal oxide catalyst such as NiO, PtO and
Cr2O3/Pt have demonstrated in literature promising hydrogen evolution performance while
simultaneously significantly reducing the parasitic back reaction. Titanium dioxide photocatalysts
deposited with these co-catalysts may be suitable for the exploration of the behavior of the
fluidized bed system in the absence of recombination.

9. If the back reaction can be significantly reduced or eliminated entirely through the development
of a suitable co-catalyst, fluidizing small photocatalyst particles with gas bubbles in a three-phase
reactor should be explored. This approach offers several advantages such as requiring no pumps
(the upward motion of the gas bubbles agitates the solution and fluidizes the particles) and
allowing for the gas to be easily collected at the top of the reactor. Moreover, fluidizing with
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nitrogen gas will aid in the dilution of the H2/O2 product gases such that the composition is no
longer within the explosive limit, thus improving safety. Fluidizing with CO2 would be an
interesting alternative to investigate, as it would be an effective means for photocatalytic CO2
reduction to methane or higher carbons.

10. While the photocatalysts employed in this work demonstrated significant resistance to attrition
over a period of 20–50 hours (particularly so for the porous glass-based particles), only a small
number of exploratory experiments were made to investigate the very long-term performance of
the system (the longest being ~250 hours). A dedicated fluidized bed system should be
constructed to investigate the long-term performance over the course of several months of
operation. Ideally, the highly attrition resistant porous glass particles would be employed for this
test provided the mass transfer issues stemming from their low fluidization flow rates can be
resolved. This system would require a cold-trap on the product gas line exiting the separator to
condense and return any water vapor back to the system, or the system may be fitted with an
automatic top-off system that can supply deionized water to make up for water lost to the water
splitting reaction and evaporation. Thermocouples and a compressed air source can be employed
to measure and maintain the operating temperature of the UV lamp so as to preserve lamp life and
avoid accelerated aging due to excessive heat. An optical sensor is required to monitor the lamp
output over the course of the experiment so that any changes in the rate of hydrogen evolution
can be ascribed to changes in the behavior of the UV lamp or photocatalyst particles.

11. The mechanism behind the dramatic effect that Na2CO3 has on TiO2 photocatalysts is poorly
understood and demands a thorough investigation such that it may be optimized or that principles
behind its operation may be engineered into future generations of photocatalysts. While this effect
may be studied in the fluidized bed system by observing its effect on the rate of back reaction,
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electrochemical analysis of the Na2CO3 effect on TiO2 photoelectrodes will provide a greater
depth of detail and insight. Electrochemical analyses such as cyclic voltammetry and
electrochemical impedance spectroscopy may provide insight into the mechanism, the active
chemical species, whether the effects acts on the TiO2 surface or over platinum deposits, and
whether Na2CO3 effects the anodic or cathodic portion of the water splitting reaction. The
recovery of a previously poorly performing photocatalyst upon addition of Na2CO3 to the solution
(such as that demonstrated in Chapter 2) can be investigated in the same electrochemical set-up.
No focused electrochemical study of the Na2CO3 effect has been presented in literature and thus
represents a significant gap in knowledge.

12. While the current method for the scalable growth of anatase nanowires presented in this thesis is
effective, the melamine employed to control hydrolysis and supply NH4+ in-situ may be
incorporated into the nanowires or may result in a poly-s-triazine/heptane/graphitic carbon nitride
film on the nanowire surface. Both of these effects will lead to enhanced charge recombination.
Recent results suggest that substituting urea for melamine may eliminate this issue, and thus
should be explored in greater detail.

13. Currently high acid concentrations are employed to retard homogeneous nucleation in solution
and enhance the heterogeneous nucleation and growth of nanowires on a substrate surface. Using
peroxotitanate precursors containing chelating ligands – such as citrate or lactate ions – may
allow for the acid concentration to be reduced considerably, thus expanding the range of
substrates to which the process can be applied.

14. Though the fluidizable, nanowire- and nanorod-deposited photocatalysts were developed for the
purposes of water splitting, these advanced photocatalyst designs may also be applied to other
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photocatalytic processes such as water treatment. The nanostructured photocatalysts presented in
Chapters 4 and 5 should be investigated for the degradation of a model organic contaminant in
both fluidized bed and immobilized film reactors. The anatase nanowire films discussed in
Chapter 4 demonstrated insensitivity to mass transfer effects, whereas the degradation rate of P25
films was nearly halved in the absence of a well-stirred solution. These nanowire films may
address mass transfer limitations observed in other photocatalytic system designs.
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Appendix B - Engineered Drawings
B.1

Fluidized Bed Reactor

Figure 57: Schematic view of assembled fluidized bed test station
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B.2

Gas-Liquid Separator
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Appendix C – Supplementary Figures

Figure 58: XRD patterns of CBD-N nanowires calcined at temperatures ranging from 350 oC to 750 oC.

Figure 59: Tauc plots for P25 powder, P25 film and HTV rutile nanorods
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Figure 60: Color shift of the growth solution during the growth of nanowires in a) 0.46M HNO3
and b) 0.31M HNO3 solutions
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