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structure and the exact Eg value are shown for reference.

CHAPTER 3 SUPPORTING INFORMATION

Figure S1: Dispersion (black) and the number of exposed Ti sites (blue) as
a function of the average domain size in the supported TiO,/SiO, catalysts.
TiO, domain structure is indicated for reference.

Figure S2: Specific activity (mmol/exposed Ti site/h) of TiO,
nanodomains for cyclohexanone production during photo-oxidation of
cyclohexane as function of the slow decay time, t2, as determined the
exponential decay of photoluminescence of the supported TiO,/SiO;
catalysts.

CHAPTER 4

Figure 1: Theoretical estimation of the penetration depth of the evanescent
wave as a function of the wavelength (expressed in wavenumbers) of IR
light for a TiO, thin film with various porosities on a ZnSe IRE. The pores
are assumed to be filled with water.

Figure 2: SEM image of the TiO; thin film thickness as prepared on a
glass slide.

Figure 3: (a) Top view of the top plate of the ATR flow through cell. (b)

In situ ATR experimental setup for illumination during photocatalytic
water splitting.
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Figure 4: Time profile of ATR-FTIR spectra centered around the peroxide
spectral region during HOOH adsorption on a TiO;, thin film under
ambient conditions using a 30% HOOH/H,0 solution. The background
used was TiO; in H,0.

Figure 5: Time profile of ATR-FTIR spectra centered around the
superoxide spectral region during HOOH adsorption on a TiO; thin film
under ambient conditions using a 30% HOOH/H,O solution. The
background used was TiO; in H,0.

Figure 6: Visible (532 nm) Raman spectra during HOOH adsorption on a
TiO, thin film under ambient conditions using (a) 1.0% and (b) 0.1%
HOOH/H,0 solution. Note that the convention of plotting as function of
decreasing wavenumber is adopted for ease of comparison to the ATR-
FTIR spectra.

Figure 7: (a) Time profile 2D contour map of in situ ATR-FTIR spectra
during photocatalytic water splitting on a TiO, thin film and under dark
and illuminated conditions. (b) Peak area (1000-1200 cm™) as a function
of time for the same experiment. The background used was TiO; in H,O
under dark conditions.

Figure 8: Peak area (1000-1200 cm™) as a function of time for in situ
ATR-FTIR during photocatalytic water splitting on a TiO; thin film and
under dark and illuminated conditions (Red). The black curve is the same
experiment in the absence of H,O reactant.

Figure 9: UV Raman spectra after 10 min of excitation using the UV laser
line (325 nm) in absence of H,O and in the presence of various reactants
(H,0, 10 mM Fe**/H,0, and D,0)

Figure 10: In situ EPR spectra of TiO, under reducing conditions (red)
followed by the introduction of 10% O,/He flow (black) at elevated
temperature.

CHAPTER 5

Figure 1: Raman spectra of the as-prepared titanate powders with
negligible Na content (H-Ti-NT) and with 7.02 at% Na content (Na/H-Ti-
NT) under ambient conditions.

Figure 2: Raman spectra of the titanate powders with negligible Na

content (H-Ti-NT) freeze-dried multiple times (a) and of the powders with
various drying methods (b) under ambient conditions.
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Figure 3: In situ Raman spectra of the titanate powders (a) with negligible
Na content (H-Ti-NT) and (b) with 7.02 atom % Na content (Na/H-Ti-NT)
taken at temperatures of 100 °C to 550 °C with a flowing 10% O,/Ar (30
sccm).

Figure 4: TEM image for the H-Ti-NT powder after heat treatment at 400
°C for 30 minutes in air.

Figure 5: Raman spectra of the titanate powders with negligible Na
content (H-Ti-NT) and with 7.02 at% Na content (Na/H-Ti-NT) under
ambient conditions after calcining at 700 °C for 3 hrs in air. (A: anatase
phase, R: rutile phase)

Figure 6: Photocatalytic decomposition of 4-chlorophenol over Ti-NT
catalysts after various pretreatment procedures. A pure TiO, (P-25)
sample was also run for comparison.

CHAPTER 5 SUPPORTING INFORMATION

Figure S1: Reference Raman spectra for different TiO, phases compared
to the Raman Spectrum of as-prepared H-Ti-NT powder. Dashed lines
indicate major Raman bands present for the H-Ti-NT spectrum.

Figure S2: Ambient Raman spectra of physically mixed H-Ti-NT powders
and TiO, powders as a function of different weight ratios.

Figure S3: Phase intensities (%) of anatase TiO, phase at 138 cm™ and H-
Ti-NT phase at 288 cm™ estimated from the ambient Raman spectra
presented in Figure S1.

Figure S4: In-situ Raman spectra for ammonium metatungstate supported
on Na/H-Ti-NT and H-Ti-NT powders obtained during calcination at 700
°C in presence of 10% O,/Ar.

Figure S5: STEM-HAADF images of 11.2% WOy impregnated on H-Ti-
NT (0.12% Na) and calcined at 550 °C showing both nanotube structure
(@) and nanowire structures (b). For the nanotube structure in (a) the
yellow lines indicate the outer wall and the red lines indicate the inner
wall.

CHAPTER 6

Figure 1: Typical ATR-FTIR spectrum for H,O on a ZnSe IRE.

XXi

228

229

230

231

235

236

237

238

239

253



ABSTRACT

Heterogeneous photocatalysis has been identified as a means of using renewable solar
energy to produce the sustainable, non-carbon fuel H, and a variety of useful chemical
intermediates. Currently, however, heterogeneous photocatalytic reactions are too
inefficient to be industrially relevant and a deeper understanding of the effect of
fundamental photocatalytic material properties on photoactivity is needed to further
enhance the yields of desired products. In the general field of heterogeneous catalysis,
structure-activity relationships aid in the rational design of improved catalysts and this
ideology was applied to photocatalytic reactions over TiO, based photocatalysts and
model supported TiO,/SiO, catalysts in this study. The model supported TiO,/SiO,
catalysts contain well-defined TiOx nanodomain structures that vary in domain size
and electronic structure and greatly facilitate the determination of structure-
photoactivity relationships. These catalysts were used in reactor studies during
photocatalytic water splitting and cyclohexane photo-oxidation, and were monitored
for production of H, and cyclohexanone, respectively. It was found that for both
reactions the trend in photoactivity for the TiOx nanodomains proceeded as: pure TiO,
(anatase) (24 nm) > TiO, (anatase) nanoparticles (4-11 nm) > polymeric surface TiOs
(~1 nm) > surface isolated TiO4 (~0.4 nm).

Photoluminescence (PL) spectroscopy was employed to yield insight into how
exciton generation and recombination are related to TiO, domain size and, thus, to the
photoactivity of the examined reactions. Transient PL decay studies determined that

the larger bulk structure found in TiO, (anatase) nanoparticles (NPs) acts as a reservoir
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for excitons exhibiting slow recombination Kkinetics, which have an increased
opportunity to participate in photochemistry at the surface active sites. The reactions
were also studied using in situ attenuated total reflectance (ATR) Fourier transform
infrared spectroscopy (FTIR) to observe the formation of adsorbed intermediates and
products.  For cyclohexane photo-oxidation, cyclohexanone intermediates and
products were identified and the high photoactivity of the unsupported TiO, (anatase)
NPs was attributed to improved product desorption characteristics. The identification
of intermediates during water splitting is made difficult by the extremely high
absorption of infrared wavelengths by H,O. ATR-FTIR and Raman spectroscopy
measurements were performed during photocatalytic splitting of water in an attempt to
confirm the surface reaction intermediates currently identified in the literature and
evidence for both superoxide (O,) and peroxide (O,*) adsorbed species were found
by ATR-FTIR, but no surface Ti-OOH was detected by Raman. Finally, alternate Ti-
containing structures, titanate and TiO, (anatase) nanotubes, were characterized with
Raman spectroscopy and screened for their photocatalytic activity. Depending on the
photo-reaction (4-chlorophenol decomposition or water splitting), thermal treatment to
form the anatase phase in the nanotubular structure is a benefit to photoactivity due to
the increased crystallinity. For water splitting, however, the structure-activity
relationship found for supported TiO,/SiO, holds, and the presence of a larger bulk

structure yields the best H, production photoactivity.



The structure-photoactivity relationship in this dissertation exists for two different
photo-reactions and is expected to be a beneficial aid to future studies on the rational

design of new and novel photocatalysts.



CHAPTER 1

Introduction

One of the challenges faced by scientists and engineers in the 21* century is to learn
how to efficiently convert naturally abundant, inexpensive, renewable resources into a
variety of useful chemical intermediates and sustainable fuels sources, such as non-
carbon based H; fuel. To this end, heterogeneous photocatalysis has been the topic
generating interest because of its ability to use renewable solar energy in catalytic
processes rather than the elevated temperatures of conventional heterogeneous
catalysis. At the laboratory scale, heterogeneous photocatalysis has shown promise
for the production of commercially important intermediates like cyclohexanone and
the conversion of water into non-carbon H; fuel. Currently these processes are largely
too inefficient to be applied at the industrial level and much research is still required to
develop new photocatalytically active materials and to understand the fundamental
processes that occur during photocatalytic reactions. The work presented in this
dissertation focuses on photocatalytic reaction over TiO, based catalysts and attempts
to increase the fundamental understanding of how TiO, structure relates to
photoactivity. Reactor and spectroscopic studies are combined to yield insight into
how overall photocatalytic activity is affected by physical/electronic structure of TiO,

domains and the formation of reactive intermediates at surface active sites. The



studies herein attempt to provide the necessary information to form fundamental
structure-activity relationships for TiO, catalysts across multiple photocatalytic
reactions and will lead to future rational design of advanced TiO; photocatalysts.

This opening chapter presents a theoretical basis for understanding the topics in
subsequent chapters regarding heterogeneous photocatalysis reaction mechanism,
important physical/electronic properties of TiO, photocatalysts, and the applied
reactor and spectroscopic techniques. The chosen approach and an outline of the
structure of this research is also presented.

It has been noted by chemist Daniel G. Nocera in a 2007 article on production of H;
with solar energy that, “A failing of energy R&D for the last 30 years in the United
States has been that it has been treated as an engineering problem, with a little ‘r’
component and a big ‘D.” There needs to be an ‘R’ bigger than the ‘D.””* This quote
has been a source of personal motivation and it is intended by the author that this

research be a step towards remedying the problem identified by Nocera.

1. Background

1.1 Heterogeneous Photocatalysis

A conventional heterogeneous catalytic reaction is thermally activated, and though
the reaction’s thermal efficiency and selectively are greatly improved; the process still
generally requires a significant energy input. In heterogeneous photocatalysis,
activation of the catalyst occurs by the absorption of photons of light, a readily

abundant resource provided by our planet’s sun. Photocatalytically active materials



are typical semiconductors and most commonly are metal oxides or sulfides such as
TiO,, Zn0O, Zr0O,, Ce0,, Sn0,, CdS, ZnS, etc.”

By far the most used and studied photocatalyst is TiO,. The pioneering discovery of
the photoelectric effect of TiO; electrodes for the electrolysis of H,O into H, and O,
by Fujishima and Honda in 1972 can be credited for generating the large interest that
followed.® Titania-based photocatalysis is a rapidly growing field with the number of
publications over the last 30 years experiencing a dramatic increase (Figure 1). The
majority of the studies focus on the applications that have become commercially
viable and environmentally important. Such applications include the purification of
water by the degradation of organic compounds,*® purification of air,>** and the
oxidation of toxic chlorinated industrial solvents such as trichloroethane.'® Titania is
already being applied in a variety of applications as a self-cleaning or self-sterilizing
surface.’? Furthermore, TiO, has a broad range of photo-related applications as a
white-paint pigment, cosmetic, and sun-blocking material (where it functions to
absorb harmful UV radiation).™

At the academic and laboratory level, many other reactions are being studied. It is
quite possible, though often with low efficiency, to perform a variety of photo-
oxidations, -reductions, -substitutions, and polymerizations over TiO, catalysts.* The
prospect of improving the efficiency of these reactions to compete with commercially
viable thermal processes has attracted many researchers to closely examine these
reactions and a number of excellent reviews on the subject have been

published.>*"1%141> Of particular interest is the photocatalytic splitting of H,O to H,



and O,. The push to convert naturally abundant H,O to clean H, as alternative,
sustainable non-carbon fuel has been the motivation for these studies.! The
publications on TiO, for this reaction are beginning to have a larger contribution to the
overall TiO, based photocatalysis field and a consistent contribution to the overall
water splitting field as indicated in Figure 1 indicate. Water splitting, however, has
been recently dominated by alternative, novel metal oxides and materials.’®** These
materials, however, are still not commercially viable as their quantum efficiency
(percentage of photons exciting a photocatalyst that actually contribute to the photo-
reaction) is still below the desired mark for conversion of the overall solar energy
spectrum.”® Fortunately the study of TiO, based catalysts for water splitting and other
reactions where it exhibits low efficiency remains a viable way to achieve
fundamental understanding of the photocatalytic process and can yield valuable
information for the design of improved photocatalysts.

1.2 Mechanism of Photocatalytic Reactions

Regardless of the phase of the application, photocatalytic reactions proceed via
several fundamental steps:?

1) Transfer of the reactants to the catalyst surface

2) Adsorption of the reactants

3) Absorption of light photons by the catalyst

4) Formation of excitons in the form of electron (¢)-hole (h") pairs

5) Migration of e and h” to surface catalytic active sites

6) Reaction of the adsorbed reactant species to an adsorbed reaction product(s)



7) Desorption of product(s)

8) Removal of product(s) from the catalyst surface region
It is important to note that these eight steps can be viewed as three distinct areas:
surface chemical reactions, electronic reactions, and mass transfer steps (Steps 1 and
8). Although the mass transfer of molecules at interfaces is well known, having to
consider both surface chemical reactions and electronic reactions when studying
photocatalytic reaction and often makes the task quite challenging.

The ability of a semiconductor like TiO, to generate e and h* during photocatalytic
reactions is largely dependent on the material’s bandgap. When a photo-active
material is illuminated by photons with energy exceeding the bandgap energy of the
material, an electron is excited from the valence band to the conduction band,
simultaneously forming a hole in the valence band. The formation of these excitons is

represented by:

TiO, + hv > TiO,(e” + ht) 1)
The electrons and holes can then undergo a variety of processes. Immediate
recombination of e/h" pairs occurs readily and is one of the biggest detriments to
catalytic efficiency as it has been found by high temporal resolution transient
photoluminescence spectroscopy that at least 90% of the e/h"™ pairs recombine within
10 ns, negating their ability to perform useful chemistry.?* In this case, the energy
input from the illumination photons is lost as heat. If recombination of e/h™ pairs does
not immediately take place then it is possible for the e and h* to migrate to surface

catalytic active sites (Step 5 above) and take part in surface reactions. To initiate such
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reactions, it is believed that active form of oxygen such as superoxide radicals (O;)
must be formed through reduction by e” and that the oxidizing h* excitons can generate
surface hydroxyl radicals (*OH).>** The formation of such strongly oxidizing radicals
is believed to be the main driving force behind photocatalytic reactions on TiO,
surfaces* and is in agreement with recent density functional theory (DFT) studies.”

Another important reaction is the trapping of electrons at Ti** sites:

e” + TilV - Till 2)

Depending if these trap states are at surface sites or within the bulk a material, they
can be beneficial or a deterrent to the photocatalytic process.

The electronic reactions discussed above each have characteristic time scales which

have been determined in the literature and are summarized for TiO, photon activated

states in Table 1.>%

It can be seen that the reactions at the surface in typical
photocatalytic process occur with a much slower characteristic time (100 ns - ns) as
opposed to recombination and trapping (100 ps — 100 ns). This simple comparison
makes it obvious why photocatalytic reactions typically have such low quantum
efficiencies.

1.3 TiO, Based Materials for Photocatalytic Reactions

TiO, based photocatalysts have already been shown to be active for a large and
diverse set of photo-reactions. There are several intrinsic properties that make it the
oxide semiconductor of choice in photocatalytic applications. The TiO, is found to

naturally exist in three primary crystal phase: anatase, rutile, and brookite.?”?® Rutile

is the more thermodynamically stable phase over a large range of temperatures and
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pressures; however, under normal condition and those applicable to photo-reactions,
anatase is also very stable and does not transition to rutile with any detectable rate
until it reaches temperatures > 600 °C.”>*® In the case of photoelectrochemistry, only
anatase and rutile have bandgaps (3.2 and 3.0 eV, respectively) with a conduction
band positioned such that the reduction of H* to H; is possible.” Brookite is not
thermodynamically stable, readily transitioning to rutile, and has been shown to be an
indirect bandgap semiconductor and, therefore, an inefficient absorbing material.®*
The photo-activity of TiO; is dependent on the interplay of several factors relating to
the structure of the catalyst. The intrinsic properties of TiO; include the crystal phase
(anatase or rutile), quality of the crystal structure (number of defects), catalyst surface
area, and the density of surface hydroxyl groups which play a role in the possible
formation of hydroxyl radicals and participate as catalytic active sites. Researchers
have recognized these factors and work has already been done in an attempt to
understand their role in photocatalytic activity.>**" Factors that are extrinsic to the

catalyst structure are have also garnered attention in studies on reactor design,%%4

h,**4! and temperature.*?

light intensity and wavelengt

The largest contributor to the low quantum efficiency of TiO, photocatalysts is its
wide band gap (3.0 — 3.2 eV for rutile and anatase, respectively). Though titania
absorbs light into the visible spectrum, generally wavelengths of light less than 400
nm are required to activate the catalyst.° It is known that the properties of TiO, can

modified by such methods as doping of transition and/or noble metals, synthesis of

nanostructures (nanotubes, -wires, -rods), and by supporting TiO, nanoparticles on an
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inert metal oxide support. These modifications of TiO, typically attempt to improve
photocatalytic activity by:
1) Broadening light absorption into the visible range of the spectrum
2) Prevent recombination of e/h* pairs by accumulating electrons and holes in two
different semiconductor layers
3) Increase the intrinsic surface properties of TiO,, i.e. increased surface area or
hydroxyl concentration
A multitude of studies using these modification techniques can be found throughout

the literature. 24346

An excellent review of transition metal ion doping in
heterogeneous photocatalysis was made by Litter.*” The drive to use sunlight as a
clean, renewable energy source has led to large subset of these publications focusing
on doping and/or compositing processes which broaden light absorption into the
visible spectrum, thereby making more efficient use of the sun’s energy.®>#4
Regarding the surface area of TiO, based photocatalysts; it is possible to create
nanotube structures with an outer diameter of ~1 nm and an internal diameter of ~0.6-
0.8 nm which yield increased surface areas over particulate structures. Titanate

nanotube structures are typically synthesized using a hydrothermal preparation

method™ and have a high potential as heterogeneous catalysts, >>>° hydrogen storage

56,57 58-60

materials, and secondary batteries. The hydrothermal preparation method,
however, forms titanate structures which lack the benefits of crystalline TiO,
structures and often residual Na impurities are found which act as a poison to photo-

reactions.®*®* Thus, in addition to the modification by doping, titanate nanotubes are
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often subjected to thermal treatments to create stable crystalline TiO, (anatase)

nanotubes, %62

The thermal treatment and Na impurity removal of titanate
nanotubes for improved photocatalytic performance will be the subject of a later
chapter.

1.3.1 Physical and Electronic Structure of TiO, Supported on SiO,

Supporting TiO, with various weight percent loadings on SiO, is another way to
alter the structure of the TiO, photo-catalyst and is a catalyst preparation technique of
particular interest to the studies in subsequent chapters of this dissertation. As a metal
oxide, both the TiO, structure and catalytic activity can be affected by supporting

titania material on an inert, high surface area metal oxide.”®"

In particular, it has
been shown that the structure of TiOx supported on SiO, varies with the weight
percent loading of titania and these structures can be controlled during catalyst

synthesis.”*"

Furthermore, the electronic properties of metal oxides (band gap or
edge energy) can be controlled by changing the nanodomain structure because the
local electron density is affected by the metal oxide domain size; the local electron
density increases for smaller dimensions and the electrons become more delocalized
for larger dimensions.” The support effect on the edge energy Eg, as determined by
UV-vis-NIR spectroscopy, and its relationship to physical structure has been
demonstrated for supported VO,,”* WO,,” and MoO,.”

The electronic structure of well-defined TiOyx domains present in supported

TiO,/SiO, materials has similarly been probed with in situ UV-vis-NIR diffuse

reflectance spectroscopy (DRS). First the physical structure of the TiO,/SiO, catalysts
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was determined by using a variety of characterization techniques including Raman
spectroscopy, X-ray absorption near edge structure (XANES), and transmission
electron microscopy. The nature of the supported TiO, nanodomain varied in the
following manner as a function of the titania loading: isolated surface site (1%
Ti0,/SiO,), polymeric surface chain (12% TiO,/Si0,), TiO, (anatase) 2D rafts (20-
40% Ti0,/SiO;) and TiO, (anatase) 3D nanoclusters (60% TiO,/SiO,). The electron
density is of these structures is reflected in the optical band gap or Eg value yielded
from the UV-vis-NIR DRS data. For supported TiO,/SiO,, the Eg value for the TiO
domain increases as domain size decreases as shown in Figure 2. The nanoparticles
present at ~40 weight percent loading and higher exhibit Eg values that are the same
as pure TiO, (anatase), Eg = 3.2 eV indicating that the photoelectric effect is initiated
with the same minimum wavelength of light for those nanodomains.”"’

Because the bandgap plays a critical role in the photocatalysts ability to generate
electrons and holes under illumination, the discovery of the relationship between
physical nanodomain structure and electronic structure makes the study of supported
TiOx nanodomain size/structure on photocatalytic activity an interesting topic. It has
been proposed by Anpo et al. that a single site tetrahedral TiO4 titanium oxide species
incorporated in a zeolite framework has a relatively high activity in the reduction of
CO, with H,0 and the decomposition of NO into N, and O,."> However, it is yet to be
seen if this is a structure that is generally preferred for a larger range of photo-
reaction, and studies of TiOx nanodomain photo-activity on two separate photo-

reactions will be the topic of two subsequent chapters.
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1.3.2 Water Splitting Over TiO,

Photocatalytic decomposition of H,O to H, and O,, the so-called water splitting

reaction, occurs via the half reaction:

120 (aq) 5> Hy(g) + %:02(g) ®)

The mechanism of water splitting proceeds in three main steps, qualitatively
described as: 1) absorption of photons to form electron and hole pairs, 2) electron and
hole separation and migration to surface catalytic active sites, and 3) the overall
surface chemical reactions described by Equation 3.” (Note that these steps are a
condensed version of the 8-steps outlined for all photocatalytic reactions, not an
exclusion of the other processes that must occur.) The reaction steps of water splitting
are schematically shown in Figure 3. It is proposed that water is oxidized to form O,
at surface catalytic active sites associated with positively charge holes and that H™ is
reduced to H at surface catalytic active sites associated with electrons. The schematic
in Figure 3 is also a useful visually aid for understanding the electronic steps of
photocatalytic reaction (i.e. the excitation of an electron to the conduction band, the
formation of a hole in the valence band, and the migration of those excitons to surface
active sites).

Although TiO; is the most studied semiconductor photocatalyst, researchers have
found that for water splitting there are also other inorganic semiconductor oxide
materials that exhibit markedly higher water splitting activity. There have been many
applied studies that have generated new, novel photocatalysts for water splitting.*6+"®

The search for improved water splitting catalysts largely focuses on tailoring the
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bandgap of the material around the standard redox potential of water (1.23 V),% but
more must be done to understand the fundamental physical/electronic structure-
activity relationships inherent to the water splitting reaction given that TiO; fits this
description and still does not provide adequate quantum efficiency. Furthermore,
fundamental surface characterization studies on the novel water splitting catalysts still
have not been reported. Therefore, despite the relatively low efficiency and activity of
the reaction on TiO,, investigation of fully characterized, well-defined TiOx
nanodomains will greatly add to the fundamental understanding of the photocatalytic
water splitting reaction.

1.3.3 Cyclohexanone Photo-Oxidation Over TiO,

Cyclohexane oxidation is a commercially important reaction for the production of
cyclohexanone and cyclohexanol over a homogeneous catalyst with a selectivity of
70-80%. The reaction products are used to as chemical intermediates in the
production of nylon-6 and nylon-6,6.° Because of the high pressure in the
homogeneous catalytic reaction (8-12 bar), it is desirable to find an alternative process
that is not only more selective but also safer. Photo-oxidation is a potential route to
meet both requirements as it is performed under ambient conditions and the initial
report of the photo-reaction indicated high selectively to the ketone product of
cyclohexanone over TiO, anatase (100% cyclohexanone) and TiO, rutile (90%
cyclohexanone, 10% CO,).”

The cyclohexane photo-oxidation reaction can be understood to undergo the same

basic 8-step process of all photocatalytic reactions. Over a TiO, catalyst the electronic
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reactions will generally be the same with regards to formation of electrons and holes,
e/h" pair recombination, and migration of charged species to the surface catalytic
active sites. The surface reaction mechanism, however, will differ when compared to
water splitting because the reactants are cyclohexane and O,. This difference will
have a profound effect on the mechanism and how surface hydroxyls play a role in the
photo-chemistry.

The proposed mechanism of cyclohexane photo-oxidation over TiO; has been

-82 i 1
338082 however, spectroscopic evidence

studied and published by several researchers,
for the mechanism during photocatalysis is scarce. Recently, with aid of the
attenuated total reflectance infrared spectroscopy (ATR-IR) technique, Almeida et al.
have indentified key adsorbed intermediates, tracked product desorption, and proposed

#8385 The initial activation of the TiO, catalyst

a possible reasonable mechanism.
occurs when photo-generated holes interact surface OH groups to form surface
hydroxyl radicals «OH. Photo-generated holes are predicted to interact with adsorbed
O, to form superoxides (O;). The ATR-IR results do not give spectroscopic evidence
for this but it is in agreement with the predicted activation of photocatalytic surfaces
discussed above. The cyclohexane photo-oxidation then proceeds via the following
steps:®

1) A surface hydroxyl radical reacts with adsorbed cyclohexane to form a surface

adsorbed cyclohexyl radical and water.

2) The cyclohexyl radical reacts with the O, ion to yield an adsorbed cyclohexyl

peroxide intermediate.
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3) Adsorbed cyclohexanone formation occurs by decomposition of the peroxide
intermediate upon reaction at the Ti sites with OH vacancies formed during
initiation.

4) Cyclohexanone desorption occurs to form products or are further oxidized to
form carboxylates, which can be subsequently oxidized to form carbonates and,
finally, CO, and H,O0.

It is predicted that accumulation of unwanted, non-selective carbonates and
carboxylates species contribute to the deactivation of the TiO, surface with reaction

time. 4083

Strong spectroscopic evidence is given for Steps 2-4 of the proposed
mechanism, while Step 2 is indirectly observed by the formation of H,O. The
formation of radicals during initiation and Step 1, however, lacks spectroscopic proof.

The extrinsic properties of the photo-oxidation of cyclohexanone over TiO, have

33,38-40

been studied as well and include reactor design, intensity and wavelength of

8341 solvent,®® and oxidizing reactants (O,, H,0).2*®® The TiO, catalyst

illumination,
structure has also been subjected to studies of the effect of surface area,*® pretreatment
conditions (calcinations temperature and environment),® particle size and
crystallinity,® crystal phase,*” and dopants (Ag and Au).*** The influence of these
intrinsic TiO, properties relates to the determination of structure-activity relationships.
Carneiro et al. have studied the effect of TiO, (anatase) hydroxyl concentration and
particle size for cyclohexane photo-oxidation and found that a high concentration of

surface hydroxyls on small particle sizes TiO, (anatase) was beneficial to

cyclohexanone activity, but large particles were more efficient at desorbing
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cyclohexanone.®® Because this study was done over pure TiO, (anatase) crystal
particles, performing similar experiments coupled with several spectroscopic
techniques using well-defined TiO, nanodomains, will add to a deeper understanding

of the structure-activity relationships.

2. Techniques for Studying Photocatalytic Reactions and Photocatalyst
Characterization

2.1 Batch Reactors for Product Detection

The most common technique for analyzing the activity of a TiO, photocatalytic
reaction, including water splitting and cyclohexanone photo-oxidation, is the detection
of product formation in a batch reactor. Typically a slurry is created where the
catalyst material is suspended in the reactant liquid (with gaseous reactant bubbled
into the reactor). The slurry is illuminated using a UV lamp (usually Hg or Xe arc
lamps with strong radiation intensities below ~400nm). The slurry concentration
becomes very important when considering that the efficiency of absorption of light
can decrease in slurries that have too high a concentration.” The illumination can
occur from the top of the reactor (top illumination reactor, TIR) or internally in the so-
called monolith reactor with internal illumination. Product detection is accomplished
by sample withdrawal and analysis by gas chromatography. If low yields of a gaseous
product are expected, as is the case with H, production during water splitting, the
empty volume of the reactor can be evacuated prior to the reaction. Figure 4a shows a

picture of the internally illuminated reactor for gaseous product analysis used in the
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water splitting studies of Chapter 2. Figure 4b shows a schematic of the TIR used for
cyclohexanone product detection in Chapter 3. Complete experimental details for
these reactors can be found in the respective chapters. The reader is referred to Maeda
et al. for a water splitting study using the internally illuminated reactor'® and to the

references of Du and Carneiro for examples of studies performed in a TIR reactor.*>3*

35,37-40,44-46,86

2.2  Characterization of  Electronic  Structure:  UV-vis-NIR  and
Photoluminescence Spectroscopy

Ultraviolet-visible-near infrared (UV-vis-NIR) diffuse reflectance spectroscopy
(DRS) is a powerful tool for studying most photocatalytic materials. As indicated
above, UV-vis-NIR can yield information on the edge energy Eg of a material which
is related to the bandgap. The bandgap has a direct influence on the ability of a
photocatalyst to generate electrons and holes upon illumination with a given energy of
light. The energy of the photons absorbed by the material must exceed the bandgap
for any generation of excitons to occur and without this initiation, photocatalysis
cannot occur. Another benefit of UV-vis-NIR DRS is the ability to perform
experiments in situ allowing for various pretreatment conditions, both thermal and
atmospheric, and the monitoring of electronic states under reaction conditions.’” This
is of the utmost importance for supported metal oxide catalysts since moisture has
been shown to affect the physical structure of supported oxide, in turn affecting the
Eg.”t"? The effect of supported TiO, domain structure on electron localization and Eg

has already been discussed above and the reader is directed to the appropriate
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references.’t"377

A drawback of the Eg energy as determined by UV-vis-NIR
spectroscopy is that it is a bulk property, that is it reflects the electronic structure of
the material as a whole and is not specific to the surface where photo-reactions take
place.

Photoluminescence (PL) spectroscopy is complementary to UV-vis-NIR DRS in its
ability to yield electronic structural information for TiO,.* Because the entirety of the
sample is excited during the collection of PL emission intensity, it too can be
considered a bulk technique and information on surface electronic structure is limited
to analysis of a surface species indirect effect on the PL emission spectrum.
Photoluminescence occurs when excitons undergo energy loss in the form of photons
of light. This process can occur in several ways, most importantly by the relaxation of
electrons in the conduction band back to their ground state in the valence band or by
the annihilation of e’/h* pairs through recombination. Thus, PL spectroscopy can yield
direct information on the fundamental electronic processes that influence the
photoactivity of TiO, catalysts. The recombination of e/h” pairs can be probed
directly using ultra-high temporal resolution, transient PL spectroscopy experiments
and by fitting to the decay of the emission.

It was shown by Tang et al. that the lifetime of photo-generated holes in TiO; is a
strong determinant of the ability of TiO, to split water.®®  Furthermore, PL
spectroscopy, though a bulk technique, can indirectly yield information about the

surface since electrons can migrate and interact with adsorbed species or emit PL from

surface sites.*>**# Combining the two above findings, it can be inferred that electrons
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and holes that result in long PL lifetimes will be more likely to participate in surface
reactions which is in agreement with the characteristic times of photon process found
in Table 1. PL spectroscopy and the high temporal resolution, transient PL decay
techniques, including experimental details, spectral analysis, and decay profile
analysis, are discussed in detail in Chapters 2 and 3.

2.3 Vibrational Spectroscopy: ATR-FTIR and Raman

Direct molecular information about surface adsorbed reaction intermediates and
active site structure can be obtained through vibrational spectroscopy, i.e. infrared (IR)
and Raman spectroscopy. The two techniques have been found to be complementary
to one another. Whereas IR spectroscopy detects vibrations involving a change in
dipole moment, Raman spectroscopy detects vibrations involving a change in
polarizability. These complementary selection rules result in Raman spectroscopy
generally being more sensitive to symmetric modes and IR spectroscopy typically
being more sensitive to asymmetric modes.”® Another important difference is the
ability of Raman spectroscopy to readily collect spectra in an aqueous phase.’®"’!
Conversely, water largely absorbs IR energy and produces significant, broad
vibrations in regions relevant to adsorbed oxygen and hydroxyl species that participate

in the photocatalytic process.’>”?

It is therefore possible that Raman spectroscopy
could be useful in detection of such elusive intermediates in the aqueous phase. It is

also proposed that by using a laser with a UV wavelength, it would be possible to

simultaneously initiate photo-reactions and obtain spectra of the working catalyst.
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The possibility of using Raman spectroscopy under photocatalytic conditions will be
considered in Chapter 4.

It has been found that the difficulties of collecting IR spectra in the liquid phase can
largely be overcome by the use of attenuated total reflectance (ATR) Fourier
transform infrared (FTIR) spectroscopy. ATR-FTIR has been shown to be a technique
that can successfully probe the solid-liquid interface that exists in many photocatalytic
reaction systems.’*® The ATR technique is an internal reflection spectroscopy that
requires the sample to be in direct contact with an internal reflection element (IRE)
with a high refractive index. Typically a thin film of a catalyst sample is coated onto
the IRE. Incident IR light travels through the IRE and bounces on the interfaces
between the sample and IRE. The angle of the incident light is adjusted to the critical
angle of the IRE so that total internal reflection is achieved. Despite the total internal
reflection, the electromagnetic field of the light extends beyond the interface into the
sample, and this phenomenon is known as an evanescent wave.” The evanescent
wave can be absorbed by the sample and the absorption causes the initial IR beam to
be attenuated and the resultant spectrum can be obtained. A schematic of a typical
ATR cell, sample thin film, and the resulting IR beam and evanescent wave is shown
in Figure 5.

The evanescent wave is a standing wave and forms perpendicular to the IRE surface
with a penetration depth d, into the sample that is dependent on the wavelength of

light A, the angle of incidence 0, and the refractive indices of the IRE and the sample:
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d, = A 4)

2m |(n2sin20-n2)

where n; is the refractive index of the IRE and n, is the refractive index of the

sample.®® The calculation of penetration depth is complicated by the fact that the
index of refractive of the sample is affected by the relative porosity of the material and
by the material filling the pores. Mojet et al. calculated that the penetration depth for
a sample with pores filled with water increased 1.3 times over a one with pores filled
with air.®* The effect of the porosity and material filling the pore space can be

reflected in a calculation of the effective refractive index ne of the sample:

Nepr = /(1 — pInZ + Ppn (5)
where ¢ is the relative porosity and n. and n, are the refractive indices of the catalyst
and the material filling the pores, respectively.

The goal of the above theoretical look at ATR-IR is to understand that the
evanescent wave will only be attenuated by the sample and reactants that are within
the penetration depth. Therefore, it is possible to minimize the contribution of the
liquid phase on the resulting spectrum. Ideally the solid/liquid interface should be at
the penetration depth of the evanescent wave. In practice, the theoretical model does
not give the best results under the real reaction conditions due to the difficulties
involved in creating an ideal sample thin film. Ortiz-Hernandez et al. studied the
effect of film thickness on the contribution of the liquid to the ATR-IR spectrum.
They found that a film of thickness 5d, was required to avoid sampling liquid that is

outside of the film, which corresponded to a film thickness of around 9-10 pm. It
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must be stressed that their findings are specific to the catalyst and reaction system, and
IRE used in the study. Possible IRE materials include a long list of high refractive
index crystal, but the most common are ZnSe, diamond, and germanium. The choice
of IRE is dependent several factors, including the spectral range of interest, sample
material, solvent, pH, and cost. ZnSe was used throughout this research because of its
wide spectral (20,000 — 700 cm™).%®

The ATR-FTIR technique has already been shown to be useful in for probing the
TiO,-cyclohexane, solid-liquid interface for photo-oxidation of cyclohexane by
Almeida et al. and led to the identification of key adsorbed intermediates and the
determination of a possible reaction mechanism.**%*% The probing of the catalyst-
water interface is more challenging but has been shown to be possible,* especially in
the case when the characteristic peaks of the adsorbed species, such as CO, do not
overlap with the IR bands of H,0.** ATR-FTIR has been used specifically for the
photo-oxidation of water, however Fe** ions were added using FeCls to act as electron
scavengers.”>® This Fe** agueous solution does not reflect from the real conditions
that one would hope to use for this reaction since the use of FeCls; renders the solution
quite toxic. Chapter 4 deals with identification of the intermediates of water splitting

using ATR-FTIR using pure H,O as the reactant liquid.

3. Approach and Outline

3.1 Approach
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Heterogeneous photocatalysis has been identified as a potential alternative to
conventional thermally activated catalytic process for the sustainable production of
industrially important chemical intermediates and non-carbon H, fuel. Currently the
materials used as photocatalysts do not use light or solar energy with a high enough
efficiency to become commercially viable. This introductory chapter has shown that
TiO, based photocatalysts provide an excellent basis for studying the fundamental
physical/electronic structures that yield higher photocatalytic activity. Furthermore,
the development of new techniques that can probe the surface intermediates involved
in the photocatalytic mechanism is providing unprecedented access to information
affecting structure-activity relationships in photo-reactions.  Researchers have
recognized the importance of determining structure-activity relationships in
photocatalysis for the future rational design and discovery of improved photocatalyst
materials

The research described in this dissertation will focus on the development of
fundamental structure-activity relationships for photocatalytic reactions. The use of
well-defined supported TiO,/SiO, catalysts will facilitate the development of those
relationships as well as introduce nanodomain structures that have not previously been
considered. The use of a complete series of well-defined TiO, nanodomains makes
this work internally consistent and will add new insight to the interpretation of data
collected by the typical experimental techniques employed by photocatalysis
researchers, such as UV-vis-NIR, PL spectroscopy, and batch reactor product

detection.
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The structure-activity relationships found will be tested for two different reactions
and then an improvement on photo-activity will be attempted through the use of a
different TiO, structure that reflects the beneficial properties of the structure-activity
relationship. The use of ATR-FTIR will supplement the research by yielding
information about the relationship between adsorbed intermediates under photo-
reaction conditions and photocatalyst structure-activity relationships. ATR-FTIR and
Raman spectroscopies also provide a basis for determining the relevant intermediates
in the water splitting reaction, the identification of which has been largely speculative
or done under conditions that are not applicable to the relevant photo-reaction
conditions.

3.2 Outline

Chapter 2

The supported TiO,/SiO, catalysts will be characterized for the effect of the various
TiO; (anatase) nanodomain structures on their PL emission spectrum and the decay of
PL will be related to the recombination dynamics of e/h” pairs. The electronic
properties determined by PL spectroscopy will be shown to relate to the physical
structure of the TiO, nanodomains. Combining the physical/electronic structural
information with reactor data for the production of H, during the water splitting
reaction will provide a basis for determining photo-reaction structure-activity
relationships.

Chapter 3
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This research is analogous to that of Chapter 2 in its use of the well defined TiO,
(anatase) nanodomains of the supported TiO,/SiO, catalysts, however, the reaction
studied is quite different. The production of cyclohexanone by photo-oxidation of
cyclohexane will be the photo-reaction and a structure-activity relationship will be
developed using the same characterization techniques. In addition, in situ ATR-FTIR
will be employed to relate the effect of structure on the adsorbed intermediates and
product desorption during cyclohexane photo-oxidation

Chapter 4

Identification of the intermediates present during the photocatalytic splitting of H,O
on TiO, will be attempted using ATR-FTIR and Raman spectroscopy. The difficulties
of this endeavor will be highlighted and several discrepancies in the literature will be
discussed and investigated. The experimental focus of the spectroscopic studies will
be to identify intermediates under the relevant photo-reaction conditions necessary for
the splitting of water to H, and O,.

Chapter 5

Titanate nanotubes have been identified as a promising material for a variety of
reactions and the thermal transformation of this material into the photocatalytically
more active anatase phase will be characterized. The removal of Na impurities that
are residuals of the synthesis procedure will be shown to be possible with a washing
procedure and the positive effect of removing this photocatalytic activity poison are

demonstrated for the water splitting reaction. High surface area and crystallinity have
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been shown to be important factors in increasing photo-activity and will be considered
for the water splitting reaction and for the decomposition of 4-chlorophenol.

Chapter 6

A summary of the most important conclusions of the research in this dissertation
will be presented. The future outlook for research continuing in the vein of this
dissertation will be discussed, especially regarding the development of photocatalytic
structure-activity relationships and the work necessary to improve the identification of

water splitting reaction intermediates.
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Table 1: Characteristic timescales of TiO, photon activated states.”

Primary Process Characteristic Time

Generation of electron/hole pair:

TiO, + hv > TiO,(e” + h')

fs (very fast)

Trapping of electron/hole pairs:

h* + Ti'OH - {Ti"VOH™*} 10 ns (fast)

e” + Ti'VOH - {Ti""OH} 100 ps (shallow trap)

e~ +TiV > Till 10 ns (deep trap)

Electron/hole recombination:

e” +{Ti""OH*} > Ti""OH 100 ns (slow)

h* + {Ti'""OH} - Ti"VOH 10 ns (fast)

Reaction at the surface:

{Ti'VOH*} + organic — Ti'"VOH + oxidized organic 100 ns (slow)

{Ti"OH} + 0, > Ti"VOH + 0; ms (very slow)
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Figure 1: Number of publications regarding TiO, based photocatalysis, water
splitting, and TiO, based water splitting in journals letters, reviews, books, and
dissertations from 1980-2010. [Source: SciFinder Scholar (CAS) online search,

September 21, 2011]
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Figure 2: UV-vis Eg energies vs. X% TiO; loading on the SiO, support. Domain

structure from Raman and XANES are indicated to emphasize electronic

structure/structure correlation. Reproduced from reference 77.
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Figure 3: Schematic representation of the photocatalytic water splitting reaction on a

semiconductor catalyst.
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Figure 4: An internally illuminated batch reactor (a) for gaseous product detection
during photocatalytic water splitting and a top illuminated reactor schematic (b) used

for liquid sample withdrawal and product analysis during cyclohexane photo-

|.39

oxidation. The schematic in (b) is reproduced from Carneiro et a
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Figure 5: Schematic of the IR beam path in typical ATR cell and IRE coated with a
solid catalyst. The inset is a representation of the evanescent wave showing its

penetration depth into the catalyst coating.
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CHAPTER 2

Determination of a Structure-Photoactivity Relationship for Water

Splitting on Well-Defined TiO, Nanodomains

Abstract

Photocatalytic H,O splitting to H, and O, on well-defined TiO, nanodomains
supported on SiO, was investigated to explore the existence of a structure-
photocatalytic relationship. The model supported 1-60% TiO,/SiO, photocatalysts
were synthesized by incipient wetness impregnation of Ti-isopropoxide/isopropanol
solutions into a SiO, support in a N2 environment. Earlier studies reported that the
nature of the supported TiO, nanodomain varied in the following manner as a function
of the titania loading: isolated site (1% TiO,/SiO,), polymeric chain (12% TiO,/Si0,),
2D rafts (20-40% TiO,/SiO,) and 3D nanoclusters (60% TiO,/SiO,). In situ
photoluminescence (PL) spectroscopic measurements showed the PL emission peak
shifts to higher excitation wavelength with increasing titania domain size indicating a
fundamental difference in electronic structure of the various TiO, domains present. In
situ photo-excitation emission decay studies, with a pulsed tunable laser and a gated
detector with a gate width of ~ 300 picoseconds, revealed that the decay time

monotonically decreases with increasing TiO, nanodomain size. Photocatalytic
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splitting of H,O, in a UV irradiated batch reactor, exhibited enhanced H, production
with increasing titania domain size. Normalization of the H, production by exposed
Ti site to yield a specific activity confirmed that isolated TiO, sites were the least
active for water splitting despite their slow decay rate. However a direct relationship
between the number of Ti sites producing electrons with a high contribution of the
slow component of decay and high photocatalytic activity was found, thus, providing
an explanation for the effect of titania domain size on photocatalysis production.
These photocatalytic structure-activity relationships with model supported titania
domains should be beneficial for future studies of the rational design of novel

photocatalysts for H,O splitting.

1. Introduction

Photocatalysis by TiO, semiconductors has received much attention since the
pioneering discovery of the effect of photosensitization of TiO, electrodes on the
electrolysis of H,0 into H, and O, by Fujishima and Honda in 1972.> These studies
have been motivated by the push to convert naturally abundant H,O to clean H; as an
alternative, sustainable non-carbon fuel.”? The photocatalytic efficiency of TiO, has
been improved over the years by the addition of various metals or metal oxides.® The
functions of these dopants generally fall into two categories: (1) to broaden light
absorption into the visible range or (2) to prevent the recombination of electron/hole
pairs by accumulating electrons and holes in two different semiconductor layers. The

second category is of particular interest to understanding the mechanism of
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photocatalytic reactions as Serpone et al. found that at least 90% of the photo-
generated electron/hole pairs recombined within 10 ns, negating their ability to
perform useful chemistry.’

The majority of photocatalytic reactions utilizing TiO, are processes that degrade
organic compounds in air or water.>® An application such as photo-oxidation of
industrial solvents such as trichloroethane and other toxic chlorinated materials have
obvious environmental benefits.® TiO, based catalysts have also been modified or
tailored to increase photo-activity, trap photo-generated holes, or shift the activity to
the visible region of the spectrum.%3
The structure and catalytic activity of TiO, can be significantly affected by

14-16

supporting titania on inert, high surface area oxides. In particular, it has been

shown that the structure of TiO supported on SiO, varies with the weight percent
loading of titania and these structures can be controlled during catalyst synthesis.'®*’
The electron density of nanostructured metal oxide clusters is known to be dependent
on the metal oxide domain size, with the local electron density increasing for smaller
dimensions and the electrons becoming more delocalized for larger dimensions.*® The
electronic structure of well-defined TiOx domains present in supported TiO,/SiO;
materials has been probed with in situ UV-vis-NIR diffuse reflectance spectroscopy
(DRS), which contains the optical bandgap or edge energy. For supported TiO,/SiOo,
the Eg value for the TiOx domain has been found to increase as domain size decreases

and nanoparticles (NPs) of 5-9 and higher exhibit Eg values that are the same as pure

TiO; (anatase), Eg = 3.2 eV (Figure 1).*>%°
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Although TiO, is the most studied semiconductor photocatalyst, researchers have
found that there are other inorganic semiconductor oxide materials that exhibit
improved water splitting properties. There have been many applied studies that have
generated new, novel photocatalysts for water splitting,?*? but their efficiency is still
below the desired target of 10% conversion of the overall solar energy spectrum.?

Photocatalytic degradation of H,O to H, and O,, the so-called water splitting

reaction, occurs via the half reaction:

H,0 (aq) > Hy(g) + %0,(g) (1)

The mechanism of water splitting proceeds in three steps, qualitatively described as: 1)
absorption of photons to form electron and hole pairs, 2) electron and hole separation
and migration to surface reaction sites, and 3) the surface chemical reactions described

22

by the water splitting reaction above.”= All photocatalytic reactions proceed through

the initial photon absorption step that generates electron (¢') and hole (h*) pairs.”?* It
is, therefore, likely that the semiconductor electronic structure will have an effect on
this step of the water splitting reaction. The generation of e/h* pairs takes place
extremely fast on the femtosecond scale. The recombination of the e/h™ pairs,
however, occurs faster (10-100 ns) on average than the reaction at the catalyst surface
(> 100 ns).** Therefore, it is of interest to characterize the recombination of e/h* pairs
with ultra-high temporal resolution in order to determine if the photocatalytic
phenomenon is affected by the electronic and molecular structure of the TiOx domain.

Photoluminescence (PL) spectroscopy is complementary to UV-vis-NIR DRS in its

ability to yield electronic structural information for TiO, and both techniques yield
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information related to the bandgap or edge energy of a semiconductor oxide
material.®?® The recombination of e’/h* pairs can be probed directly using ultra-high
temporal resolution, transient PL spectroscopy experiments and by the decay of the
emission. It was shown by Tang et al. that the lifetime of photo-generated holes in
TiO, is a strong determinant of the ability of TiO, to split water.”’ The PL emission
decay is related to the lifetime of photo-generated holes (i.e. the slower the decay, the
longer the lifetime) since PL emission is indicative of recombination of e/h™ pairs.
The quenching of the PL emission and decrease of the PL lifetime and intensity also
reflects the trapping efficiency of the electrons and holes at various sites such as
surface states and the bulk defect sites of the catalyst. The following work will build
on the groundbreaking work by Tang e. al. by further analyzing the relationship
between photoactivity of H,O splitting and the lifetime of photo-generated e’/h* pairs
with higher temporal resolution in order to examine how nanodomain structure affects
the lifetime of photo-generated e”/h™ pairs.

It is hypothesized that emission decay from the recombination of e/h* pairs, a
phenomenon that is readily characterized with transient PL spectroscopy, may be
correlated with the known nanodomain structures of the well-defined TiO,/SiO, model
catalysts to establish structure-photoactivity relationships for TiOy nanodomains. It is
also known that PL spectroscopy is a technique that is not surface sensitive and
simultaneously probes the bulk and surfaces semiconductor oxides. PL spectroscopy
will not differentiate between e/h* pairs that recombine in the bulk or at the surface.

The migration of e/h" pairs to surface reaction sites in step 2 of the photocatalytic
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process, while related to the surface, can be hindered by bulk recombination of e/h*
pairs, therefore PL spectroscopy may indirectly be related to the surface steps of
photocatalysis. This study will also explore the relative usefulness of using a bulk

property to determine a structure-photoactivity relationship.

2. Experimental

2.1 Catalyst Synthesis

Model supported TiO,/SiO, catalysts were synthesized from Ti-
isopropoxide/isopropanol precursor solutions and a SiO, support by incipient-wetness
impregnation of varying amounts of Ti precursor, followed by drying and calcination
in air (@ more complete description for obtaining various Ti loadings can be found in
reference 15). The silica support for this study was Cab-O-Sil (Cabot, EH-5) and this
material was treated with water in order to condense its volume for easier handling.
The wet SiO, was dried at 120 °C and subsequently calcined at 500 °C overnight. The
resulting BET surface area was 332 m?%g. Titanium isopropoxide was obtained from
Alfa Aesar (99.999% purity) and preparation was performed inside a glove-box with
continuous flowing N,. The samples were subsequently dried at 120 °C in flowing N,
for 1 h and calcined at 500 °C in flowing air for 4 h.

2.2 Photoluminescence Spectroscopy

In situ PL-spectroscopy was done using a Jobin-Yvon Fluorolog system modified to
use a quartz u-tube cell. The supported TiO,/SiO, samples were heated at 10 °C/min

to 400 °C in flowing 10% O2/N, (30 sccm) to remove adsorbed water, since moisture
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causes quenching of the PL signal,”® and fully oxidize the model catalysts. Upon
cooling to room temperature in flowing inert gas (N, 30 sccm), the PL spectra where
taken in the flowing inert gas. The PL spectra were taken at incremental light
excitation wavelengths from 300 to 500 nm and the emission was measured from 300
to 600 nm. This allowed for multiple spectra to be combined in creating emission
maps for each sample. The maps were used to determine the optimum excitation
wavelength of light to use for the excitation lifetime measurements.

2.3 Photoluminescence Decay

Spectrally resolved PL lifetime measurements were conducted using a Ti:sapphire
laser (Coherent Mira 900), tunable in the 685-1000 nm spectra range, generating 5 ps
pulses with a 76 MHz repetition rate, pumped with a frequency-doubled Nd:YVO,
laser (Coherent Verdi V-18). The output of the laser was frequency doubled using an
ultrafast harmonic generator (Coherent 5-050). To perform the luminescence
measurements, the excitation light at 400 nm was directed toward a microscope of a
tunable micro-, macro-Raman/photoluminescence system (Jobin Yvon Horiba,
T6400) and was focused using a long distance objective (50x, N/A=0.5) onto a sample
to a spot size of ~ 2 um. The photocatalyst sample was placed into a high temperature
in situ microscopy stage (Linkam, TS-1500) and pretreated according to the procedure
described above. The luminescence light was collected through the same objective in
backscattering geometry and focused onto a slit of the triple-monochromator equipped
with a fast gated intensified charge coupled device (ICCD) camera collecting in the

350-900 nm range (LaVision, Picostar HR12). The ICCD camera was gated using a
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sequence of 76 MHz pulses propagating with a variable delay relative to the original
train of trigger pulses (76 MHz) from a photodiode in a Ti:sapphire laser. The
minimum gate width was 300 ps and the maximum delay was defined by the laser
repetition rate (~13.2 ns). The laser energy at the sample was maintained at
approximately 1.6 mW to prevent photo-degradation of the photocatalyst sample. The
experimental decay curves were then fit to a double first-order exponential decay

model to account for an observed “fast” (t1) and “slow” (t2) components:*°

y =Al-exp (;—lt) + A2 - exp (;—;) +y0 )

2.4 Photocatalytic Water Splitting Activity

The H,0 splitting photocatalytic activity of the model supported TiO,/SiO; catalysts
was determined with UV (wavelengths > 290 nm) irradiation using a 450 W Hg lamp.
A reaction cell made of Pyrex was employed and filled with 250 mL condensed
liquid-phase water. The reactor was connected to a glass, closed-gas circulation
system. About 200 mg of the photocatalyst was suspended in the reaction cell and
stirred with a magnetic stir bar. The air in the remaining volume of the reactor was
evacuated to facilitate product detection. The reactor was maintained at room

temperature and gas chromatography was used to analyze H, production for 5 hours.

3. Results
3.1 Catalyst Structure: Physical and Electronic
The silica-supported titania phases were extensively characterized during previous

work from our group with atomic absorption, in situ (dehydrated) Raman, IR, UV-vis,
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XANES and electron microscopy (aberration corrected HR-TEM) to determine their
molecular and electronic structures as well as domain size.™>*"*° The resulting model
supported catalysts (denoted x% TiO,/SiO,) were found to consist of monotonically
increasing titania nanodomains on the SiO, substrate with increasing TiO, loading.
The supported 1% TiO,/SiO, catalyst possesses isolated surface TiO, sites (~0.4 nm)
and the supported 12% TiO,/SiO, catalyst is populated by polymeric surface TiOs
chains (~1 nm). For the supported 20-30% TiO,/SiO; catalyst, the dominant titania
phase is present as thin, two-dimensional TiO; (anatase) rafts (~2-5 nm) that become
three-dimensional TiO, (anatase) NPs (~5-11 nm) at 40-60% loadings. The structures
of each of the individual catalysts are summarized in Table 1. The electronic structure
as determined from the Eg values of the in situ UV-vis-NIR DRS measurements has
already been discussed in the introduction of this chapter and the results are
reproduced for the samples used in the current study in Figure 1 as a function of TiO,
loading.

3.2 Photoluminescence Properties: Peak Emission and Decay

The photoluminescence maps in Figure 2 display the emission data for a
representative set of supported TiO,/SiO, catalysts. The red line through the top
portion of the map is due to the elastically scattered excitation light (Rayleigh
scattering). For each of the maps the peak emission wavelength was determined and
found to blue shift, higher energy corresponding to lower nm values, with decreasing
TiO, loading. This trend is true regardless of the excitation wavelength used to

generate the PL emission. The broad shape of the emission over all excitations
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wavelengths is attributed to the heterogeneity of the TiOx nanodomains on the silica
support within each photocatalyst.

The decay curves for a representative group of supported TiO,/SiO; catalysts are
presented in Figure 3. The decay curves were measured by acquiring the emission
spectra in a relatively narrow spectral range, 514 to 526 nm, followed by integration
over this spectral region for every delay time. By closely examining the appearance of
the curves, the existence of both “fast” and “slow” components of the decay can
qualitatively be observed. The samples with lower TiO, loading correspond to
samples that have domains containing isolated surface sites or polymeric surface
structures and have a steeper or faster initial component of the decay. The decay fit
parameters for each of the photocatalysts are given in Table 2. The parameters
denoted tl and t2 refer to the decay constants for the “fast” and “slow” decay
components, respectively, with A1 and A2 referring to the amplitudes of the “fast” and
“slow” components, respectively, and the relative amplitudes for each photocatalyst
are also reported in Table 2.

The dependence of the decay rate parameters t1 and t2 on TiO, loading is plotted in
Figure 4a. The decay constant of the fast component (t1) does not change
significantly and remains almost constant over the whole concentration range. The
slow decay time (t2) decreases with increasing TiO, loading and is longest for the
lowest titania loading (1% TiO,/SiO;). The relative amplitudes of these two
components depend on the TiO, loading of the supported TiO,/SiO, catalysts as

shown in Figure 4b. The relative amplitude of the fast component decreases
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monotonically as the TiO, loading increases. The opposite trend is observed for the
slow component and the pure TiO, sample displays the largest contribution from the
slow component of the decay. At low concentrations of TiO,/SiO; (1-12% TiO), the
PL decay can be characterized by two components with approximately equal
amplitudes and significantly different lifetimes (Fig 4a and 4b).

It is important to note that the PL decay measurements were obtained in the diffuse-
reflectance mode for powder samples. Slight differences in the objective height and
sample surface can lead to changes in the intensity of PL detected during the
experiment. It is, therefore, not possible to quantify these data so that the difference in
total excited electrons for the various supported TiO,/SiO, samples can be precisely
determined. However, the relative amplitudes of the fast and slow components are
quantities that can be applied to other systems with a known number of excitons.

3.3 Photocatalytic Splitting of Water to Produce H;

The overall activity for H, production during photocatalytic splitting of H,O over 5h
(units of pumol Hy/g catalyst/h) for the supported TiO,/SiO, catalysts as a function of
TiO; loading is presented in Figure 5. The production of H; increases monotonically
from 1% to 60% TiO,/SiO, by factor of nearly 10 and further increases by another
factor of ~7 from 60% TiO,/SiO, to pure TiO,. Normalized activity of the H;
production rate for each catalyst was determined by normalizing the rate both by the
total mass of Ti and by the number of exposed Ti sites and are presented in Figure 6.

The number of exposed Ti sites was calculated by first estimating the dispersion

from the known average domain size (Table 1) and by assuming a spherical domain
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shape.® The calculation of exposed sites is detailed in the supporting information of
this chapter and the number of exposed Ti sites for each TiO, nanodomain-containing
sample is summarized in Table S1. A discussion of the assumption that the
nanodomains all have spherical particle shape can also be found in the supporting
information. The activity normalized by exposed Ti sites (Figure 6b) will be referred
to as the specific activity and more closely mirrors that of the overall activity for H,

production per mass of catalyst (Figure 5).

4. Discussion

4.1 Relationships between TiO, nanodomain structure, photoluminescence
decay, and UV-vis edge energy (EQg).

As already indicated (see Table 1), the TiO, nanodomain structure is dependent on
titania loading on SiO, and varies from isolated polymeric surface species (~0.4 — 1
nm), TiO, (anatase) rafts (2 — 5 nm) and 3D TiO, (anatase) NPs (~5 — 11 nm), while
unsupported TiO; (anatase) employed in this study has a domain size of ~25 nm. The
UV-vis bandgap or edge energy of a semiconductor material is dependent on the

domain size®™*°

and the photoluminescence is related to the band gap of a
semiconductor oxide material.?® Consequently, the photoluminescence characteristics
of TiO, domains are also hypothesized to be related to the titania domain size.

4.1.1 Effect of TiO, nanodomain structure on photoluminescence lifetimes.

The qualitative observation of “fast” and “slow” PL decay components in

photoluminescence response curves in Figure 3 led to the use of a double first-order
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(biexponential) model to fit the response curves. Quickenden et al. have suggested
that the simplest phenomenological explanation for bimolecular modeling of the decay
of luminescence is that two excited species are decaying back to their ground states
independently of one another.®! This scenario is applicable to the supported TiO2/SiO,
photocatalysts since in some cases more than one type of TiO, nanodomain can be
found on the SiO, support for the same sample. Furthermore, the support itself could
also be part of an excited species undergoing decay and this possibility will
subsequently be addressed below.

The excitons, i.e. electrons and holes (e and h”, respectively), may also decay with
different kinetics. Another benefit of the biexponential model is that further analysis
of the two components can yield insight into the recombination dynamics of e’/h* pairs
that are dominant in a particular domain size.**® The fast component of decay is
attributable to recombination by multiexcitons. Multiexciton recombination Kinetics
are relatively fast (10-100 ps) and are characterized by e/h” annihilation caused by
Coulomb interaction (Auger-like effect). The slow component of decay is attributable
to single exciton recombination Kkinetics. Single exciton recombination occurs
relatively slowly (10-100 ns) and is characterized by simple relaxation of a photo-
excited electron to its ground state. It is believed that the multiexciton kinetics readily
occur in materials exhibiting charge multiplication that occurs when more than one
electron and hole are generated after absorption of a single photon.*®> The current data
does not allow confirmation of whether the charge multiplication phenomenon is

responsible for the fast component found for the TiO,/SiO, catalysts. The time scale of
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the fast component, however, is indicative of e/h” annihilation rather than relaxation
to the ground state.

The fast and slow components of PL decay for the titania nanodomains, tabulated in
Table 2, have t1 and t2 parameters on the time scale of single exciton and multiexciton
recombination Kinetics, respectively. Furthermore, the relative contribution of the fast
and slow components indicate that the slow component becomes more prevalent with
increasing titania domain size on the silica support and is most significant in the pure
TiO, sample (Figure 4b).

4.1.2 Comparison of photoluminescence properties and UV-vis Edge Energy
(E9)

The photoluminescence maps in Figure 2 agree with the previous UV-vis-NIR data
showing that the optical edge energy values of the TiO, domains increase as the
domain size decreases (Figure 1), thus, illustrating the complementary nature of the
two optical spectroscopic techniques. For example, the largest Eg value found from
the UV-vis-NIR data corresponds to the supported 1% TiO,/SiO, photocatalyst
sample, which consists of isolated surface TiO4 domains. This high Eg value is
manifested in the corresponding blue-shifted PL emission spectrum map of the same
catalyst. A higher Eg value requires that the excitation photon is of a higher energy to
be able to excite the electrons in the material from the valence band to the conduction
band. Subsequently, the observed emission is also of a higher energy when the

electrons relax to their ground state in higher Eg materials. This result is not
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unexpected given that both techniques are intimately connected to the Eg of a
semiconductor oxide material.”®

It should also be noted that the maps were obtained in situ after dehydration at 400
°C. This is important as it has been shown that reactant molecules will induce
quenching of the PL signal.®® The ability to perform these experiments in situ allows
the researcher control over the state of the surface of the catalyst and, in this case, to
specifically focus on the initial formation of e/h® pairs. The PL maps of the
photocatalysts also served as a guide for choosing an excitation wavelength for
emission decay experiments. Though not the optimal excitation wavelength for all the
samples, 400 nm light was chosen during the excitation lifetime measurements as it
would provide sufficient energy for excitation of all the titania domains. The
dependence of excitation wavelength on activity, though important, is outside of the
scope of the current study.

4.2 Effect of TiO, Nanodomain Structure on Photocatalytic Water Splitting
Specific Activity.

It is desirable to couple the quantitative structural properties with photocatalytic
activity rate data to form structure-activity relationships. This kind of relationship is
important as it allows one to make critical decisions when designing a photocatalyst to
maximize water splitting activity.*® The plot of specific photocatalytic activity as a
function of TiO, loading in Figure 6b establishes a structure-activity relationship for
photocatalytic H,O splitting on supported TiOx nanodomains with increasing

nanodomain size responsible for higher photocatalytic water splitting specific activity.
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Since the loading of titania on the silica support is directly related to the nanodomain
size, the structure-activity relationship can be made clearer by plotting specific activity
as a function of average domain size (Figure 7). The trend in Figure 8 mirrors that of
Figure 6b because the weight percent loading directly affects the size of the
nanodomains in the SiO, support.

The high activity of pure TiO, with a particle size of ~24 nm is a finding of interest
because it is largely believed that larger crystalline structures likely contain a greater
number of defects that act as recombination centers which are detrimental to
photocatalytic activity.”” If, however, the crystal is of high quality, i.e. containing a
low number of defects, the increased crystallinity of the higher loading samples would
be beneficial. The effect of particle size can be explained by examining the second
step of the water splitting reaction (separation of photo-generated e/h” pairs and their
migration to the surface catalytic sites). The benefit of a smaller particle size is that it
yields a shorter distance for holes and electrons to migrate to surface active sites
decreasing the probability of recombination.”” In the case of water splitting on TiO,
nanodomains, the size effect on recombination of e/h” pairs is negligible in
determining the overall best catalyst as pure TiO,, rather it is the increasing amount of
bulk, high crystallinity TiO, that is the better indicator of high specific activity.

Theory can give further insight as to why the bulk TiO, catalyst is preferred to the
supported TiO, domains. In a density functional theory (DFT) study of the photo-
oxidation of water on TiO, surfaces by Valdés et al. it was found that a TiO, surface

containing oxygen in coordinatively unsaturated sites is the most stable.” This
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surface yielded the lowest energetics for the water oxidation reaction. Furthermore, it
found that while a pathway for water oxidation via breaking of a Ti-O-Ti bond was
possible, the barrier was much too high for it to be favored. In the current study the
catalysts containing 3D TiO, (anatase) NPs will have surfaces with the highest
concentration of coordinatively unsaturated sites relative to Ti-O-Ti sites. As the
loading is decreased, and especially in the case of polymeric domains, the relative
amount of inactive Ti-O-Ti sites increases. This is an indication that despite the
importance of the generating electrons and holes, the surface reaction is rate-
determining for water splitting on TiO, nanodomains. Indeed, Valdés et al. find that
the formation of hydroxyl groups at the coordinatively unsaturated TiO, sites is the
rate-determining-step. This does not the ~7 times greater activity of the pure TiO,
(anatase) NPs (24 nm) over the supported 60% TiO,/SiO, catalyst containing 11 nm
TiO, (anatase) NPs This difference suggests that the support could to lead to the
inactivity of trapped electrons and holes associated with the SiO, support and analysis
of PL decay will help to determine if this is indeed the case.

4.3 Effect of Photoluminescence Decay Components on Specific Activity

Recalling that the PL lifetime of the photocatalyst sample is directly related to the
nanodomain structure (Figure 4a), it is logical to examine the specific photocatalytic
activity as a function of PL lifetime. Using the slow decay time t2 as an indicator of
overall PL lifetime, this plot can be seen in Figure 8. Despite having the highest value
of t2, the supported 1% TiO,/SiO, catalyst has a specific activity lower than those

samples containing TiO, (anatase) nanoparticles and pure TiO, is 10 times more
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active. Thus, the plot of specific activity as a function of PL lifetime in Figure 8 fails
to establish an electronic structure-activity relationship because the slow component
decay rate is less significant as loading decreases (see Figure 4b). Though t2 can be
considered an indication of the overall lifetime of excited e/h*?" it is not always
significant for a particular catalyst. This is especially true given that the multiexciton
recombination kinetics occur on a timescale several orders of magnitude less than the
timescale of the surface reaction (100 ps compared to >100 ns).?* Therefore, the
relative contribution of the slow component is predicted to be a better indication of
photocatalytic activity.

The apparent contradiction in Figure 8 is rectified by considering the origin and the
relative contribution of the fast and the slow components of decay. As stated earlier,
the origin of the two components of decay is believed to be from multiexciton and

single exciton recombination kinetics, respectively.?*3°

Figure 4b shows that the
relative contribution of the fast component is highest for the supported 1% TiO,/SiO;
photocatalyst and that the relative contribution of the slow component is highest for
pure TiO,. This means that the majority of recombinations are occurring with
relatively fast kinetics for the isolated TiO4 domains. Conversely, the majority of
recombinations in the pure TiO, occur with relatively slow kinetics. The exact total
number of excited electrons in each supportedTiO,/SiO, sample is unknown, but it can
be assumed that a greater quantity of electrons will be excited for catalysts with a

grater quantity of Ti sites. The generation of electrons is related to the first step of the

photocatalytic process:
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Ti0, = e + h* ®)
Therefore, if a greater percentage of the total Ti sites produce electrons that decay with
slow kinetics it is a benefit for photocatalytic activity as a greater number of e’/h* pairs
have the opportunity to migrate to surface sites to split water.

The relative contribution of the components of decay allows for the semi-
quantitative determination of the number of Ti sites that, upon absorption of a photon,
generate excitons that decay with fast or slow kinetics. Though it not likely that each
individual Ti site in a given supported TiO,/SiO, catalyst produces excitons under
reactions conditions, it can be assumed that those that do produce excitons will exhibit
recombination kinetics related to the contribution of the fast and slow components of
decay. Therefore, multiplying the total number of Ti sites by the relative contribution
of the fast and slow component will yield the number of Ti sites that generate excitons
that decay with fast and slow Kkinetics, respectively. The basis for invoking this
relationship is that photons with UV wavelengths will be absorbed throughout the
entirety of the TiOx nanodomain sizes found in this study because it has been shown
that the absorption coefficient for TiO, coatings up to 2 um thick is still significant at
wavelengths < ~410 nm.® The cumulative absorbed photon flux, however, is directly
related to the depth and cross sectional area of the particle.®® It follows that larger
TiO, (anatase) NPs, with their higher average size and larger cross sectional area, will
cumulatively absorb more photons at Ti sites in at the surface and bulk of the catalysts
particle. Thus, the larger bulk of the TiO, NPs (> 11 nm) can be viewed as a reservoir
of photon-absorbing Ti sites that generate excitons.
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The number of Ti sites, Ns, is calculated from the mass of the supported TiO,/SiO,
catalyst used in the batch photo-reactor experiments. The results of this calculation
are summarized in Figure 9. The number of Ti sites that produce electrons with slow
recombination kinetics increases monotonically with wt% loading of TiO,, whereas
the number of Ti sites that produce electrons with fast kinetics increases until TiO,
(anatase) NPs are formed and then becomes independent of particle size. The high
number of slow recombinations is likely related to the existence of a more significant
bulk structure as particle size increases.

The effect of having a large number of Ti sites having slow recombination Kkinetics
can be seen in Figure 10a, which exhibits a strong correlation between this property
and the specific activity. The slow decay of excited electrons yields a greater
opportunity to do photocatalytic water splitting at the surface active sites. This
conclusion is supported by Figure 10b, which shows that there is no correlation
between specific activity and the number of Ti sites producing electrons with fast
recombination kinetics. Given the fast recombination occur on the time scale of 0-100
ps, this lack of correlation is to be expected, since the surface reaction occurs on a
time scale several orders of magnitude slower. Electrons and holes that decay with
fast kinetics are very unlikely to participate in surface photocatalytic reactions.

Another reason that the isolated TiO, sites in the supported 1% TiO,/SiO, catalyst
show low activity despite having a slower rate of decay may have to do with the SiO,
support. Table 2 shows the decay component analysis for the pure SiO, support. The

SiO, actually has the slowest decay rate and a strong contribution from the slow
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component of decay. The pure SiO, support, however, shows negligible production of
H, (~1 umol of H;, over 5h) under the same reaction conditions used to test the TiO,
nanodomains. It is believed that the SiO, is contributing this slow decay rate to the
smaller TiO, domains, however, the trap states are inactive for water splitting,
indicating the electrons and holes are unavailable to perform the surface reactions.
The low loading samples, especially 1 and 12% with isolated and polymeric domains,
respectively, contain a larger percentage of exposed metal-support Ti-O-Si bonds.
Trapping charges at the silica hydroxyls at Ti-O-Si interfacial sites could result in
increase of the separation distance between electrons and holes that in turn slows
down their recombination, but this does not necessitate that these electrons and holes
are active as they may not be found at active surface sites.

The structure-activity relationship, when combined with the relationship between
specific activity and contribution of slow decay has determined that the reason for
high activity on large TiO, (anatase) nanoparticles is three-fold. First, the increased
crystallinity of large NPs deters rapid recombination of electrons and is manifested in
the large contribution of slow decaying excitons in the largest NPs found on pure
TiO,. The bulk large bulk structural contribution acts as a reservoir for these excitons.
Second, the catalysts containing 3D NP domain structures have relatively fewer Ti-O-
Ti sites that are inactive according to DFT calculations. Finally, the effect of trap
states on the SiO, support further explains the low activity of the isolated TiO4 and
polymeric TiOs and gives a possible reason for the lower activity of 11 nm TiO,

(anatase) NPs compared to 24 nm TiO, (anatase) NPs.
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4.4 Surface and Bulk Considerations

Although electrons and holes can be generated throughout the bulk of a
semiconductor photocatalyst, the water splitting reaction can only occur at surface
active sites. For example, comparing the activity normalized by the mass of Ti (umol
H./g Ti/hr) in Figure 6a to the specific activity (wmol Ho/exposed Ti site/hr) in Figure
7 illustrates one of the most basic principles of catalysis science: barring any surface
reconstruction, metal atoms that are not on the surface cannot active as active sites for
adsorption. The high activity of the isolated TiO, site in the activity plot of Figure 5
gives evidence that the surface reaction does not involve the bulk and that specific
activity is a more accurate representation of the structure-activity relationship that
exists for water splitting over TiO, nanodomains. Therefore it is reasonable to
question the usefulness of employing bulk techniques such as PL spectroscopy or UV-
vis-NIR spectroscopy to find structure activity relationships.

If specific activity for H, production during water splitting for the supported
TiO,/SiO, samples is plotted as a function of their corresponding Eg values from UV-
vis DRS measurements, a clear correlation does not result as shown in Figure 11. The
lack of any relationship is because catalysts with as little as 40% loading of TiO,
already contain nanocrystals that exhibit the same Eg value as bulk TiO,. Although
UV-vis DRS is useful in determining if a material has a bandgap sufficient to perform
photocatalysis under certain wavelengths of light, the bulk Eg value is not an

indication of the specific photoactivity of a semiconductor oxide material.
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It was already shown that the relationship between specific activity and decay rate in
Figure 8 does not hold for the hypothesis that a slow decay rate will yield a longer
lifetime. Once again, PL spectroscopy is a bulk technique, so it is tempting to argue
that based on the lack correlation that PL spectroscopy does not offer useful insight
into photocatalytic water splitting. However, unlike the Eg values of UV-vis DRS, PL
spectra yield information on the kinetics of electron and hole formation. The
importance of having a bulk structure in the generation of a large number of electrons
and holes is reflected in Figure 9 illustrating the strong relationship between slow PL
decay and large titania domain size. More specifically, a good photocatalyst must
generate a large number of electrons and holes that recombine with slow kinetics.
Figure 10 shows that for photocatalytic water splitting on TiO, nanodomains, there is
a strong relationship between specific activity and the number of Ti sites generating
electrons with slow recombination kinetics. The slow recombinations are on a time
scale that indicates that the kinetics are characterized by single exciton relaxation (10-
100 ns). While PL spectroscopy cannot discriminate between e/h” pairs that
recombine in the bulk and e/h” pairs that migrate to the surface and become available
to do surface chemistry, it can give an indication that certain domains promote a
greater opportunity for this to occur via slower recombination kinetics. The
correlation in Figure 10 supports this electronic structure-activity relationship.

The affect of TiO structure on other photocatalytic reactions has also been studied
in the literature and it is useful to compare the structure-photoactivity relationships. It

has been proposed by that a single site tetrahedral TiO, titanium oxide species
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incorporated in a zeolite framework has a relatively high activity in the reduction of
CO, with H,0 and the decomposition of NO into N, and O,.***° It has been show by
Yang et al. that carbon residue in the reactor during CO, photo-reduction with H,O
can lead to false positive results for the activity of this reaction.”> Therefore, it is
unclear whether the TiO, site is truly active and the current work finds the opposite to
be true for water splitting. Also, Carneiro et al. have studied the effect of TiO;
(anatase) hydroxyl concentration and particle size for cyclohexane photo-oxidation
and found that a high concentration of surface hydroxyls on small particle sizes TiO,
(anatase) due to their higher surface area was beneficial to cyclohexanone activity, but
large particles were more efficient at desorbing cyclohexanone.** Because the activity
of photocatalytic reactions depends on an interplay of many factors, i.e. crystal phase
(anatase or rutile), quality of the crystal structure (number of defects), catalyst surface
area, and the density of surface hydroxyl groups, and the importance of these factors
likely varies among different photocatalytic reactions, it is difficult to determine
exactly why water splitting activity favors the large bulk structure of supported TiO;
nanodomains. If the support indeed plays a role trapping electrons at inactive Si-OH
as indicated above, then it could be that the larger domains have a high active surface
hydroxyl concentration. However, if the water splitting is severely desorption limited,
similar to cyclohexanone photo-oxidation, the large particles and the reservoir of long
lived excitons in the bulk structure would be a significant contributor to the higher

activity.
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5. Conclusions

An investigation into the existence of a structure-photoactivity relationship for
photocatalytic water splitting on well-defined TiO, nanodomains was performed. The
trend in H, production for the nanodomains proceeded as: pure TiO; (anatase) (24 nm)
> TiO, nanoparticles (4-11 nm) > polymeric TiOs (~1 nm) > isolated TiO4 (~0.4 nm).
Photoluminescence spectroscopy showed that, like UV-vis-NIR Eg values, there is a
distinct difference in electronic structure between the nanodomains that is manifested
in the degree to which electrons and holes recombine with slow kinetics. The high
activity of the pure TiO; is attributed its significant bulk structure which acts as a
reservoir for the generation of a greater number of electrons with slow recombination
kinetics as well as its larger concentration of active exposed Ti sites. Bulk techniques
such as UV-vis DRS and PL spectroscopy are useful in obtaining information about
electronic structure, UV-vis DRS edge energy, however is not related to specific
photoactivity. PL spectroscopy can yield useful surface information because a slow
rate of recombination allows a greater opportunity for excitons to migrate to surface
active sites.

While the current study did not yield a new superior water splitting material, the
benefits of such a fundamental study should not be ignored. In attempting to
determine a structure-activity relationship for photocatalytic H,O splitting over
various TiOx nanodomains, the study was successful. Of course, it is quite obvious
from the literature that TiO,-based materials are not the best for water-splitting, but

the current well-defined model photocatalysts were employed to provide insight into
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the fundamental structure effects on photocatalytic activity. If the relationship found
here holds true for doped TiO, based catalysts or other novel metal oxide catalysts,

rational design of improved photocatalysts can be achieved.
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Table 1: Nanodomain structure of TiOx nanodomains in supported TiO,/SiO,
catalysts as determined by Raman, XANES, and electron microscopy. Generated

from data in references 15 and 19.

Catalyst Structure Domain Size (nm)
1% TiO,/SiO, Isolated surface TiO, species ~0.4
12% Ti0O,/SiO, Polymeric surface TiOs species ~1
30% Ti0,/SiO; Ti0O, (anatase) — 2D Rafts 4.0
40% TiO,/SiO, TiO, (anatase) — 2D Rafts 7.0
50% TiO,/Si0O, TiO, (anatase) — NPs 9.0
60 TiO,/SiO, TiO, (anatase) — NPs 11
Pure TiO, TiO, (anatase) — NPs 24
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Table 2: Photoluminescence decay fit parameters from Eqn. 1 for supported

TiO,/SiO;, catalysts.

% TiO; | t1 (ps)|t2 (ps)| A1l A2 Al/ A2/
Loading (A1+A2) (A1+A2)

fast | slow | fast slow fast Slow

0 1271 | 4044 | 2028 3069 0.40 0.60

1 507 | 3712 | 1834 1491 0.55 0.45

8 470 | 3120 | 31779 | 31858 0.50 0.50

12 484 | 3178 | 9940 9752 0.50 0.50

15 474 12600 | 6722 7385 0.48 0.52

30 378 | 1245 | 728 1143 0.39 0.61

40 510 | 2748 | 554 1733 0.24 0.76

60 180 | 2802 283 1117 0.20 0.80

100 290 | 1320 125 1137 0.10 0.90
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Figure 1: UV-vis Eg energies vs. X% TiO; loading on the SiO, support. Domain
structure from Raman and XANES are indicated to emphasize -electronic
structure/structure correlation. Data reproduced for catalysts used in the current study

from reference 19.
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Figure 2: PL spectroscopic wavelength maps for supported (a) 1, (b) 12, (c) 30 and
(d) 60% TiO,/SiO, catalysts. The red line towards the top of each figure represents the
excitation wavelengths used to create the map and the emission intensity at each
wavelength is given immediately below with color coding (red = very strong, yellow =
strong, green = medium, light blue = weak and dark blue = very weak). For each map,
the maximum intensity PL emission wavelength is labeled.
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Figure 3: Photoluminescence decay data for a representative set of supported

TiO,/SiO;, catalysts.
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Figure 4: (a) “Fast”, t1, and “slow”, t2, decay times versus TiO, concentration of
supported TiO2/SiO;, catalysts. (b) Relative amplitudes of the fast and slow PL decay

components as a function of TiO; loading for supported TiO,/SiO, catalysts.
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Figure 5: Overall activity for H, production in pumol H,/g cat/h for water splitting as a

function of TiO, loading for the supported TiO,/SiO, photocatalysts.
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Figure 6: Activity normalized by the (a) mass of Ti (umol H,/g Ti/hr) and (b) exposed
Ti sites, defined as specific activity (umol Hp/exposed Ti site/hr), as a function of TiO,

loading. The domain structure is indicated for reference.
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Figure 7: Specific activity (umol Hy/exposed Ti site/hr) as a function of the average
size of the TiO, nanodomains in the supported TiO,/SiO, samples. The domain

structure is indicated for reference.
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Figure 8: Specific activity during H,O splitting by supported TiO,/SiO, and pure

TiO, photocatalysts as a function of the decay time of PL emission (t2).
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Figure 9: Calculated number of sites exhibited fast recombination dynamics (black)

and slow recombination dynamics (black) for the mass of supported TiO,/SiO;

catalyst used in the photo-reactor water splitting experiments.
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Figure 10: Specific activity as a function of the (a) number of sites with slow decay

dynamics and as a function of the (b) number of sites with fast decay dynamics.
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Figure 11: Specific activity (umol/exposed Ti site/hr) as a function of edge energy
values of the supported TiO,/SiO, catalysts determined from UV-vis-NIR. The

domain structure is indicated for reference.
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Chapter 2

Supporting Information

The calculation of the exposed Ti sites in the supported TiO,/SiO, samples was made
using the known mass of catalyst used for each experiment. From that mass, the
number of exposed sites can be estimated using the weight percent loading of TiO, for
each sample and by estimating the dispersion (D) from the average domain size (d) for
each catalyst. The average domain size was taken from Ross et al. and was
determined by high resolution transmission electron microscopy for the samples
containing TiO, (anatase) nanoparticles and for the pure TiO, (anatase) powder." The
supported 1% and 12% TiO,/SiO; catalyst domain sizes were estimated for an isolated
TiO,4 unit and a chain of three surface TiOs units, respectively. The domain sizes are
summarized in Table 1 in Chapter 2.

The dispersion is defined as the ratio of exposed metal atoms to the total metal
atoms in the catalyst. It was determined by Boudart that for a spherical metal particle

that the dispersion can be estimated by:

D=7 €Y)

where d is defined in nanometers.” Using this equation the total exposed Ti sites for

each supported TiO,/SiO, catalyst can be calculated in the following manner:

Exposed Ti Sites = Mass of Catalyst X X 6.02%x 1023 x D (2)

X
X
100 MW TiO,
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where x is the weight percent loading of TiO; in each sample. The dispersion and
number of exposed sites is summarized in Table S1. The dispersion for the supported
1% TiO,/SiO; catalyst is assumed to be 100% (D = 1) since it contains only surface
isolated TiOy sites (0.4 nm). Also, particles sizes less than 0.9 nm are not valid for
equation 1. Because the supported 12% TiO,/SiO, catalyst was estimated to have a
particle size of ~1 nm, the resulting dispersion for this nanodomain was calculated to
be D = 0.9, which is believed to be a reasonable number for surface polymeric TiOs.
There is an associated error with this calculation due to error in the measurement of
the mass of catalyst used and the estimation of the domain size. The error in mass was
estimated to be = 0.5 mg and the error in particle size was £ 0.3 nm. The error in
dispersion was first calculated to simplify the error propagation analysis and was

found using the following equation:

2

5D = j(—og x % X D) 3)

Once the error in dispersion was determined for each catalyst the calculation of error
for the number of exposed Ti sites and for the specific activity was easily made using
standard propagation of error calculations for multiplication.

The validity of the assumption that the supported 1-60% TiO,/SiO, catalysts contain
only spherical particles is called into question by the observation in the TEM of the
existence of “2D raft” structures. If the structures were truly 2-dimensional then they
would also show 100% dispersion. The labeling of the structures as 2D, while
convenient, is in reality a misnomer because they have a clear crystal structure so they

must contain multiple layers. Therefore, according to Boudart, the shape of the
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particles is actually plates which have a different shape factor f, than spherical

particles.” The shape factor is used to calculate the particle size by the equation:

d=f- (4)

where Vg, is the specific volume of the metal and Sy is the specific surface area of the
metal. The values of Vs, and Sy are unknown for the nanodomains in the supported
TiO,/SiO, catalysts, but estimation of the increase in dispersion due to the lower
shaper factor for plate particles can be made. The shape factor for a spherical particle
and a plate particle is f = 6 and f = 2, respectively. This difference of a factor of 3 can
be carried through to the calculation of dispersion and then further to the calculation of
number of exposed Ti sites. The calculation was then done for the samples found to
contain 2D rafts, i.e. the supported 30 and 40% TiO,/SiO, catalysts, and the results
summarized in Table S2.

Furthermore, the specific activity was calculated with the adjusted number of
exposed sites and is plotted as a function of average domain size in Figure S1. Figure
S1 corresponds to Figure 9 of Chapter 2. A qualitative comparison of the two figures
shows that the adjusted specific activity for the supported 30 and 40% TiO,/SiO, 2D
raft nanodomains has slightly decreased and yields a slightly better fit as function of
average domain size. Overall, the trend that specific activity increases with average
domain size still holds and is only affected minimally. On this basis alone, it would
appear logical to use the adjusted specific activity throughout Chapter 2, however
there are several reasons to avoid the additional assumption required to calculate the

adjusted specific activity. It is known from the UV-vis-NIR data that the supported
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40% Ti0,/SiO, catalyst has an edge energy of Eg = 3.2 eV. This value is identical to
that of supported 50 and 60% TiO,/SiO, catalysts and pure TiO; (anatase). This is a
clear indication that despite the presence of 2D rafts, the supported 40% TiO,/SiO;
catalyst is far from containing purely that structure. The same is then true of the
supported 30% TiO,/SiO, catalyst given its Eg value of 3.3 eV. It is more likely that
there is a distribution of nanodomain shapes in the samples containing TiO, (anatase)
nanoparticles. Therefore, without any knowledge of this distribution, it would simply
be guessing to try to assign the correct shape or some weighted average of shapes to
calculate a more accurate dispersion. The most accurate determination of dispersion is
by performing a chemisorption experiment.? However in the absence of any
knowledge of the active site or the relevant adsorbed species/intermediate, this data is
not available. Therefore, for the purposes of the study in Chapter 2, the simplest
solution was to use the single assumption that all TiO, (anatase) nanodomains are
particles with a spherical shape. Comparing Figures 9 and S2, it can be seen that the
overall trend of increasing specific activity with average domain size in minimally
affected by the exact dispersion as determined by the shape and size of the domains in

the supported TiO,/SiO; catalysts.
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Table S1: Dispersion and number of exposed sites for the supported TiO,/SiO,

catalysts assuming a spherical domain shape for the 12 — 100% catalysts.

X% TiO,/SiO, Dispersion Exposed Sites (x 10%)

1 1.00* 1.52

12 0.90 16.4

30 0.23 10.2

40 0.13 7.81

50 0.10 7.56

60 0.08 7.43
100 0.04 5.70

*Assumed to be fully dispersed since the sample contains only surface
isolated TiQ, sites.
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Table S2: Dispersion and number of exposed sites for the supported TiO,/SiO,

catalysts accounting for the differing nanodomain shape.

X% TiO,/SiO, Shape Dispersion Exposed Sites (x 10%)

1 N.A. 1.00* 1.52

12 N.A. 0.90 16.4

30 Plate 0.68 30.1

40 Plate 0.39 23.4

50 Sphere 0.10 7.56

60 Sphere 0.08 7.43
100 Sphere 0.04 5.70

*Assumed to be fully dispersed since the sample contains only surface isolated TiO, sites.
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Figure S1: Specific activity adjusted to account for the 2D raft nanodomain shape as a

function of the size of the nanodomain in the supported TiO,/SiO, catalysts.
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CHAPTER 3

Top Hlumination Reactor and In Situ ATR-FTIR Investigation of
Structure-Activity Relationships for Photo-Oxidation of Cyclohexane

over Well-Defined TiO, Nanodomains

Abstract

Photo-oxidation of cyclohexane on well-defined TiOx nanodomains was investigated
to determine the existence of a structure-activity relationship. The model supported 1-
60% TiO,/SiO, photocatalysts were synthesized by incipient wetness impregnation of
Ti-isopropoxide/isopropanol solutions into a SiO, support in a N, environment.
Earlier studies reported that the nature of the supported TiO, nanodomain varied in the
following manner as a function of the titania loading: isolated site (1% TiO,/SiO,),
polymeric chain (12% TiO,/Si0,), 2D rafts (20-40% TiO,/SiO,) and 3D nanoclusters
(60% TiO,/SiO,). A top illumination reactor equipped with a 50 W Hg lamp was used
to initiate photo-oxidation in a slurry of catalyst in cyclohexane (~1.0 g/L) with
simultaneous product sampling over 6h followed by GC analysis. The production of
cyclohexanone was used to calculate the specific activity (mmol
cyclohexanone/exposed Ti site/h) and was shown to produce a structure-photoactivity
relationship that revealed that a large contribution of a bulk structure in TiOx

nanodomains yields higher specific activity. The contribution of the bulk structure to
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high specific photoactivity was analyzed by means of photoluminescence decay
spectroscopy for the TiOx nanodomains and shown to be related to the ability of the
bulk to act as reservoir for excitons able to participate in the surface photo-oxidation
reaction. In situ ATR-FTIR experiments were performed under illumination and in
batch reactor-like cell using UV-LEDS (375 nm) to initiate the photo-oxidation
reaction. The relative intensity of desorbed to adsorbed cyclohexanone during
reaction over an individual catalyst was found to be in agreement with the structure-
activity relationship and indicated that the smaller TiO, nanodomains are less active
because formation of cyclohexanone is desorption limited. The structure-activity
relationship for photo-oxidation of cyclohexane over the TiO4 nanodomains will be

beneficial for future rational design of improved photo-oxidation catalysts.

1. Introduction

Titanium dioxide, TiO,, is well known as an effective photocatalyst for a variety of
useful reactions. The majority of photocatalytic applications utilizing TiO, are
environmentally beneficial processes that degrade organic compounds in air or water
and photo-oxidize industrial solvents such as trichloroethane or other toxic chlorinated
materials."> Many studies of TiO,-based photocatalysts have focused on modification
of the material by the addition of dopants with the end goal being to increase photo-
activity by tailoring of surface catalytic active sites, increasing surface area, increasing
the trapping of photo-generated electrons and/or holes, or shifting the absorption of

light to the visible region of the spectrum.>™*°
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Recently, the photo-oxidation of cyclohexane over TiO, has been subjected to a
multitude of studies because the initial report of this photo-reaction by Giannotti et al.
indicated a high selectivity to the highly desirable ketone product cyclohexanone
(100% cyclohexanone over TiO, (anatase)).!* Cyclohexanone is then used to produce
e-caprolactam and adipic acid, which are monomers of nylon-6 and nylon-6,6,
respectively. The recent studies have focused on a broad range of factors affecting the

12-15

activity and/or selectivity of photo-oxidation reactions: reactor design, intensity

12,16 17,18

and wavelength of illumination, solvent,"” oxidizing reactants (02, H,0).
Reactor studies have reported that the for cyclohexane photo-oxidation, the photonic
efficiency of an internally illuminated monolith reactor is 0.062, which is lower than
that obtained with a top illumination slurry reactor (0.151)."* The internally
illuminated reactor, however, provides more facile catalysts separation and ease of
catalyst illumination, whereas the top illumination slurry reactor must maintain a
slurry density of no greater than 1 g TiO, per liter to prevent shielding of the
illumination light from parts of the available reactor volume.'****>  Studies on the
wavelength of light used for illumination have shown that the deep UV (< 275 nm)
must be removed from the irradiation source to prevent photolysis, which served to
benefit the selectivity to cyclohexanone.'? Selectivity to mono-oxygenated products
has also been demonstrated to be improved by addition of dichloromethane to the
reactant solvent that acts to limit the adsorption of intermediates or by introducing
H,O to the oxidation reactant O, that acts to improve desorption of cyclohexanone

products.'’*8
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The TiO, catalyst structure has also been subjected to studies of the effect of surface
area,™ pretreatment conditions (calcinations temperature and environment),*? particle
size and crystallinity,™® crystal phase,?® and dopants (Ag and Au).??* The effect of
particle size, crystallinity, and crystal structure all have particular interest because they
have initiated the examination of the relevant properties that lead to the definition of
structure-activity relationships for TiO; in the photo-oxidation reaction. Studies by
Carneiro et al. have recognized the importance of developing structure-activity
relationships for cyclohexane photo-oxidation.”®  Their work demonstrated a
correlation between small particle size (high surface area) and high surface hydroxyl
concentration with increased production of cyclohexanone, but desorption of
cyclohexanone was improved on large particles. This study, however, was done on
particles containing only crystalline TiO, (anatase) and it is of interest to determine if
other structures of titania have an effect on cyclohexane photo-oxidation activity.

The structure and catalytic activity of TiO, can be significantly affected by
supporting titania on inert, high surface area metal oxide.*? In particular, it has been
shown that the structure of TiOy supported on SiO; varies with the weight percent
loading of titania and these structures can be controlled during catalyst synthesis.?*?’
Furthermore, the electronic properties of metal oxides (band gap or edge energy and
photoluminescence) can be controlled by changing the nanodomain structure because
the local electron density is affected by the metal oxide domain size.**? The effect of
weight percent loading on the physical and electronic structure of TiOx nanodomains

was discussed in Chapter 2 (Ch. 2, Figure 1). Based on the structural dependence on
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TiO; loading and the well-defined nature of those structures, it is of great interest to
study TiO, supported on SiO, for its activity in the photo-oxidation of cyclohexane in
an attempt to derive structure-activity relationships. The present investigation
employs the well-defined TiO,/SiO, catalysts described above in the photo-reactor
experiments to explore their potential structure-photoactivity relationship.

Photocatalytic reactions require the generation of excitons (electrons and holes)
during irradiation of the catalyst material. The previous UV-vis-NIR results indicated
a dependence of edge energy and photoluminescence properties on nanodomain
structure, and this was shown to be true in Chapter 2 (Ch. 2, Figure 4).%**® Tang et al.
concluded that the lifetime of photo-generated holes in TiO, is a strong determinant of
the ability of TiO, to split water.*® Since PL emission is indicative of recombination
of e’/h" pairs, the PL emission decay is related to the lifetime of photo-generated holes
(i.e. the slower the decay, the longer the lifetime). Thus, the time-resolved
photoluminescence data from Chapter 2 will also be applied to the activity data for
cyclohexanone production to determine if the decay properties of excitons in the TiO
nanodomains potentially yield an electronic structure-activity relationship for
cyclohexane photo-oxidation.

It is desirable to understand how photocatalyst structure affects the distribution of
reaction intermediates to give additional insights into the mechanism. Information of
this kind can be obtained through in situ infrared or Raman spectroscopic studies
during photocatalysis, but they are typically done for gas phase reactants and products.

Though studies on the mechanism of cyclohexane photo-oxidation have been
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spectroscopic evidence of the reaction mechanism is scarce.
Attenuated Total Reflectance (ATR)-Fourier Transform Infrared (FTIR) spectroscopy,
however, has been shown to be a technique that can successfully probe the solid-liquid
interface that exists in many photocatalytic reaction systems.**® The technique has
already been shown to be useful in probing the TiO,-cyclohexane, solid-liquid
interface for photo-oxidation of cyclohexane by Almeida et al. over the course of
several recent studies that led to the identification of key adsorbed intermediates and
the determination of a possible reaction mechanism.**** The mechanism by which the
catalyst deactivates has also been studied by ATR-FTIR, showing the broad range of
useful information that this technique can provide for understanding the surface
reactions at solid-liquid interfaces in photo-oxidation.”> The current study attempts to
build on the work of Almeida et al. by using the well-defined nanodomains of
TiO,/Si0O;, catalysts in similar ATR-FTIR studies to relate the distribution of reaction

intermediates and products to the potential structure-activity relationships found in

reactor studies for cyclohexane photo-oxidation over TiO, nanodomains.

2. Experimental

2.1 Catalyst Synthesis

Model supported TiO./SiO, catalysts were synthesized from Ti-
isopropoxide/isopropanol precursor solutions and a SiO, support by incipient-wetness
impregnation of varying amounts of Ti precursor, followed by drying and calcination

in air. (A more complete description for obtaining various Ti loadings can be found in
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references 26 and 28.) The silica support for this study was Cab-O-Sil (Cabot, EH-5)
and this material was treated with water in order to condense its volume for easier
handling. The wet SiO, was dried at 120 °C and subsequently calcined at 500 °C
overnight. The resulting BET surface area was 332 m%g. Titanium isopropoxide was
obtained from Alfa Aesar (99.999% purity) and preparation was performed inside a
glove-box with continuous flowing N,. The samples were subsequently dried at 120
°C in flowing N for 1 h and calcined at 500 °C in flowing air for 4 h. The catalysts
will be referred to as x% TiO,/SiO,, where X is the weight percent loading of TiO; in
each sample. Pure TiO, (anatase) was obtained commercially from Sigma-Aldrich
(99.8% purity) and contains particles with an average size of ~24 nm.

2.2 Cyclohexane Photo-Oxidation Reaction

To evaluate catalyst performance in the selective photo-oxidation of cyclohexane,
reactions were carried out in a Top Illumination Reactor (TIR).***®% The catalysts
were dried for 2h at 120 °C to remove adsorbed water. In a typical experiment 100
mL of cyclohexane containing a concentration of ~1.0 g/L of catalyst (~0.10 g of
catalyst) was used (slurry system). The slurry was illuminated from the top of the
reactor through a Pyrex window that cuts off the highly energetic UV radiation.’*** A
high pressure mercury lamp of 50 W was used (HBO50W from ZEISS). The light
intensity of the lamp used in the wavelength absorption range of TiO, (275-388 nm) is
55 mW/cm? entering the suspension, which corresponds to 2 x 10~7 Einstein-cm™2s™.
This value was obtained by using the following equation:

" = E4 1
~ chN, M
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where I" is the photon flux (Einst-m?s™), E the radiant flux (W/m?), k the wavelength
(m), ¢ the speed of light (3 x 108 m/s), h Planck’s constant (6.63 X 10~3* J-s), and
Na Avogadro’s number (6.02 x 1023 mol™).*

Air, dried over Molsieve 3 A (Acros Organics) and pre-saturated with cyclohexane,
was bubbled through the catalyst slurry at a rate of 30 mL/min. During the reaction,
liquid was withdrawn and analyzed by gas chromatography (GC) over a 6 hour period.
Organic compounds were quantitatively analyzed twice using a gas chromatograph
with a flame ionization detector (Chrompack, CPwax52CB). Due to the relatively low
activity of the supported TiO,/SiO, samples, only cyclohexanone production was
obtained. Hexadecane (1 mL) was used as an internal standard.

2.3 Thin Film Preparation

Thin films of the TiO, nanodomain containing supported TiO,/SiO, samples and the
pure TiO, (anatase) were prepared on the ZnSe crystal by first suspending the sample
in 10 mL of DI-water. The suspensions were made so that the concentration of sample
was 3.8 g/L. The suspension was treated at 30 min in a 35 kHz Elmasonic ultrasonic
bath. Then 2 mL of the suspension were spread on the ZnSe crystal and dried under
vacuum in the presence of a desiccant overnight.

2.4 In Situ ATR-FTIR During Photo-Oxidation of Cyclohexane

The ATR-FTIR cell used was a Harrick Horizon multiple internal reflections
accessory coupled with a flow through cell. The flow through cell consisted of two
plates; the top plate contained a quartz window for illumination of the sample and the

bottom plate contained a ZnSe crystal as an internal reflection element (IRE). The
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IRE had dimensions of 50 x 10 x 2 mm?® and the 45° angle of entry of the IR beam
yielded 11 internal reflections for the given geometry. The FTIR spectra were
collected using a Bruker VERTEX 70 FTIR spectrometer equipped with a liquid-N;
cooled MCT detector. Illumination of the sample during photo-oxidation was
achieved using and array of 7 UV LEDs (375 nm, 42 mW). The photon flux at the
sample surface was calculated to be 9 x 10™° Einstein-cm™®s™. More detailed
information on the ATR cell can be found in a previous publication.*

The cyclohexane (Sigma-Aldrich, 99.0%) was pre-saturated with O, by flowing air
through the liquid at 310 mL/min for 1h. The ATR cell was operated in a batch mode
and 2 mL of the saturated cyclohexane was introduced directly into the cell and onto
the sample thin film. The O, saturated cyclohexane was allowed to adsorb onto the
sample for 30 mins under ambient, dark conditions. Illumination of the sample was
carried out for 100 mins during which time an ATR-FTIR spectrum (1 spectrum/min)
was collected using 32 scans/spectrum and a resolution of 4 cm™. The background
spectrum used in the time profile series of spectra was taken after the 30 min

cyclohexane adsorption and collected with 64 scans/spectrum.

3. Results

3.1 Cyclohexanone Production and Activity: Top lllumination Reactor

The physical (domain structure and size) and electronic (EQ) structures of the well-
defined nanodomains in the supported TiO,/SiO; catalysts are summarized in Table 1.

The various catalysts were screened for the production of cyclohexanone using the
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Top Illumination Reactor (TIR) system in order to examine the influence of the
molecular and electronic structure upon the photo-oxidation of cyclohexane. The
cyclohexanone production (mmol) over 360 min for the supported TiO,/SiO, catalysts
is shown in Figure 1. The supported 60% TiO,/SiO, catalyst, containing an average of
~11 nm TiO, (anatase) nanoparticles (NPs), produced the greatest amount of
cyclohexanone during and the production was >2 times that of the supported 30%
TiO,/SiO;, catalyst, which contains much smaller TiO, (anatase) NPs with a
nanodomain size of ~4 nm. A small amount of cyclohexanone production was
detected for the surface polymeric TiOs species present in the supported 12%
TiO,/SiO, catalyst, but it is ~10 times less than that of the supported 60% catalyst.
The supported 1% TiO,/SiO, catalyst showed no detectable cyclohexanone formation
over the entire duration of the photo-reaction experiment.

Cyclohexanone production data during photo-oxidation of cyclohexane over pure
TiO, (anatase) with a particle size of ~20 nm was previously obtained in the literature
by Carneiro et al. using the same top-illuminated reactor system and experimental
parameters.”® It was found that after 300 min of photo-reaction, ~0.10 mmol of
cyclohexanone was formed. This datum point will be used in all subsequent
calculations of activity at 300 min of photo-reaction time in an attempt to determine
potential structure-activity relationships for this photo-reaction.

Employing the cyclohexanone production data from the literature for TiO, (anatase)
at 300 min of reaction time allows plotting of the cyclohexanone production data at

300 min for the full range of supported TiO,/SiO, catalysts as a function of weight

111



percent loading of TiO, and average domain size. These plots are shown in Figures 2a
and 2b, respectively. When pure TiO; is included in the analysis, the trend is that
cyclohexanone production increases with TiO; loading, in agreement with Figure 1.
As indicated in Table 1, average domain size of the supported TiO,/SiO, catalysts is
directly related to the wt% loading of TiO,. Therefore, Figure 2b shows the same
relationship exists for cyclohexanone production as a function of average domain size
since domain size also increases with titania loading on silica.

Although the same mass of catalyst was always used to create the slurry in the TIR,
the mass of Ti in the samples differs greatly because of the varying titania content. To
account for this difference, the activity of the supported TiO,/SiO, catalysts for
cyclohexanone production can be normalized by the mass of Ti used. A plot of
activity (mmol/g Ti/h) as a function of average domain size is shown in Figure 3.
There is almost no difference in activity for the ~4 nm and ~11 nm TiO; NPs in the
supported 30 and 60% TiO,/SiO, catalysts, respectively. The pure TiO, (anatase),
with an average of ~20 nm NPs, exhibits just over twice the activity of the smaller
supported TiO, nanodomains. This correlation in Figure 3, however, yields a false
high activity of the ~4 and ~11 nm TiO; NPs in the supported 30 and 60% TiO,/SiO;
catalysts. The increased activity of the smaller domains relative to the production (see
Figure 2b) can be attributed to a decrease in activity of the pure TiO, (anatase) that
occurs with the normalization by mass of Ti, which incorrectly counts bulk TiO; sites

as catalytically active.
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A more accurate representation of photoactivity for cyclohexane photo-oxidation
can be determined by estimating the dispersion (ratio of exposed Ti sites to total Ti
sites) and using the dispersion to calculate the number of exposed Ti sites. The
method for estimating dispersion and calculating the number of exposed Ti sites was
previously discussed in the supporting information of Chapter 2. The dispersion and
number of exposed sites for the mass of each catalyst used in the current study was
determined and are summarized in Table 2. (A plot of the data can be found in the
supporting information for this chapter, Figure S1) The results of the calculation show
that the SiO,-supported small TiO, (anatase) NPs and the surface polymeric TiOs
species have a greater number of exposed Ti sites than the pure TiO, (anatase) powder
because of the larger domain size of the latter. This difference in exposed sites is
manifested in the specific activity which is defined as the activity normalized by the
number of exposed Ti sites (mmol/exposed Ti site/h). A plot of specific photoactivity
as a function of average domain size can be found in Figure 4. The trend in Figure 4
closely mimics that of the overall production of cyclohexanone in Figure 1. There is a
smooth increase in specific photoactivity for the supported TiO,/SiO, samples for
cyclohexanone production that appears to be related the average nanodomain size
present on the SiO, support. The unsupported, pure TiO, (anatase), possessing ~20
nm NPs, exhibits nearly four times the specific activity over the supported ~11 nm
TiO, (anatase) NPs of the supported 60% TiO,/SiO, catalyst.

3.2 In Situ ATR-FTIR of Supported TiO,/SiO, Catalysts during Photo-

Oxidation of Cyclohexane
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The ATR-FTIR spectra were collected over 100 mins of reaction time under
photocatalytic conditions for photo-oxidation of cyclohexane. The ATR cell that was
used allowed for simultaneous collection of ATR-FTIR spectra through the ZnSe
crystal in the bottom plate and illumination with 375 nm UV light through the quartz
window in the top plate. The thin film of the catalyst sample is in direct contact with
the ZnSe IRE and the sample volume above the film could be filled with the reactant
cyclohexane. The reactant O, was provided by the pre-saturating cyclohexane liquid
with molecular oxygen. The background for all FTIR spectra was collected after 30
min of cyclohexane adsorption under dark conditions. The ATR-FTIR spectra of the
supported TiO,/SiO, samples after 100 minutes of illumination under the reaction
conditions are shown in Figure 5. Multiple intermediate and/or product FTIR peaks
are formed during cyclohexane photo-oxidation as depicted in Figure 5. The intensity
of the FTIR peaks qualitatively follows the trends found for cyclohexanone production
with the highest intensity occurring for the pure TiO, (anatase). There is a significant
drop in intensity from the supported 60% to the 40% TiO,/SiO, catalyst, though trace
peaks can still be seen in the spectra for the supported 40% and 30% TiO,/SiO,
catalysts. The ATR-IR spectrum for the pure SiO, support after 100 min of
illumination during photo-oxidation of cyclohexane is also presented in Figure 5. This
spectrum is useful as a reference as it shows the presence of negative consumption
peaks despite its lack of intermediate or product peak formation. The negative
consumption peak is also visible for the supported 1% and 12% TiO, catalysts, but it

is not an indication of reaction because it is also present in the spectrum for the inert
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support. The absence of observable intermediate and product FTIR peaks for the
supported 1 and 12% TiO, catalysts agrees with the low cyclohexanone production
results in Figure 1.

In addition to the positive FTIR peaks of reaction products dissolved in the bulk
liquid cyclohexane phase and adsorbed intermediates, the ATR-FTIR spectra show the
development of several negative consumption peaks that can be seen more clearly for
the pure TiO, (anatase) catalyst and the supported 60% TiO,/SiO, catalyst in Figures 6
and 7, respectively. The characteristic peaks at 1449, 1257, and 903 cm™ correspond
to the scissoring, twisting, and rocking vibration of the CH, groups of cyclohexane.*?
These peaks are all present in Figure 6 and develop negatively over the 100 min
reaction time indicating that cyclohexane is being consumed from the bulk as a
reactant. The negative cyclohexane peak at 1449 cm™ indicating consumption of
cyclohexane is visible for all catalysts in Figure 5, however the spectrum of the pure
SiO; after 100 minutes of illumination under the same reaction conditions also showed
a negative peak for cyclohexane. This is evidence of possible desorption and/or
evaporation of the cyclohexane reactant. Therefore, the negative intensity of this peak
IS not necessarily an indication that reaction is taking place. The other peaks are
evidence that reaction is taking place, but it must be stressed that quantitative
comparisons of peak intensity should not be made without considering that the low
activity of the lower loading supported TiO,/SiO, catalysts may make peaks more

difficult to detect at all.
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To determine if the relative peak intensities observed are due to a particle size effect
and not some contribution of Si sites, a physical mixture of 60% TiO, and 40% SiO,
(by weight) was made and the in situ ATR-FTIR spectra were obtained using the same
reaction conditions used for the other supported TiO,/SiO, catalysts. If the support is
active, it is expected that the physical mixture will have the same peak distribution and
relative intensities as the supported 60% TiO,/SiO, catalyst. Figure 8 shows the
opposite to be true and that the peak distribution and relative intensities of the physical
mixture match those found in the pure TiO, (anatase) sample. This observation is
evidence that the hydroxyl groups in the SiO, support are inactive for cyclohexane
photo-oxidation.

The complete time-resolved FTIR spectra (0-100 min of illumination) for
cyclohexane photo-oxidation over the pure TiO, (anatase) sample appear in Figure 6
with each spectrum representing a 10 min interval. The photo-oxidation reaction is
initiated by the illumination of the system with UV light and a broad range of peaks
develop over time between 1800 and 800 cm™. The structures of the adsorbed species
as proposed by Almeida et al. are displayed in Figure 6.*° Cyclohexanone can be
observed in two different forms in the spectrum: dissolved in the cyclohexane liquid
phase and adsorbed on the photocatalyst. The liquid phase cyclohexanone molecules
represent those reaction products that have desorbed into the liquid phase and are
attributable to desorbed products. The dissolved cyclohexanone is readily indentified
by its FTIR peaks at 1712 and 1313 cm™ that correspond to the stretching vibration

v(C=0) of the carbonyl group® and the bending mode of CH,, &(CH,),
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respectively.***> When cyclohexanone is adsorbed on the TiO, surface, its v(C=0)
stretching vibration becomes less energetic and is red shifted to 1683 cm™ as seen in
Figure 6.* The location of this FTIR peak for cyclohexanone was confirmed in the
literature by studies of a solution of cyclohexanone in the presence and absence of a
TiO, surface and can be seen in Figure 6.%°

There are also several other peaks in the FTIR spectra in Figure 6 and they
correspond to several other adsorbed species. The strong FTIR peak at 1562 cm™ has
been assigned to the carbonyl stretching v(C=0) vibration of adsorbed carbonates.*®*’
The peak at 1409 cm™ and the broad region from 1072 - 1048 cm™ can be assigned to
adsorbed carbonates.*”* Finally, a weak peak at 880 cm™ is observed and has been

assigned to surface peroxides.***

It is possible that this peak is linked to the
formation of a hydroperoxide intermediate, but due to its relative weak intensity,
irregularity, and proximity to the cut-off wavelength of the ZnSe IRE it will not be
further considered in the present study.

The supported 60% TiO,/SiO, catalyst also showed significant formation of
products and intermediates during cyclohexane photo-oxidation. The time-resolved
FTIR spectra of the peaks formed during 100 mins of illumination is shown in Figure
7 with each spectrum representing a 10 min interval. The corresponding peak
assignments of the spectra of pure TiO, (anatase) (Figure 6) for liquid phase and
adsorbed cyclohexanone, adsorbed carboxylates, and adsorbed carbonates are all

found in the spectra for the supported 60% TiO,/SiO; catalyst containing ~11 nm NPs.

The three characteristic CH, vibrations of cyclohexane can also be seen as negative
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peaks, again indicating consumption of the cyclohexane reactant from the liquid
phase. Upon closer inspection of the relative intensities of the cyclohexanone peaks
and the carbonate peaks, it is observed that the v(C=0) of adsorbed cyclohexanone at
1683 cm™ is stronger than the v(C=0) stretch of the liquid phase cyclohexanone peak
at 1712 cm™ and the adsorbed carboxylate peak at 1562 cm™. In contrast, for pure
TiO, (anatase) the v(C=0) intensity for the adsorbed cyclohexanone FTIR peak is
weaker than the v(C=0) intensity of liquid phase cyclohexanone and the adsorbed

carboxylate peak at 1562 cm™ (see Figure 6).

4. Discussion

4.1 Cyclohexane Photo-Oxidation Structure-Activity Relationships as a
Function of TiOx Nanodomain Size

In heterogeneous catalysis, it is desirable to couple the quantitative structural
properties with catalytic activity data to form a structure-activity relationship. This
kind of relationship is important as it allows one to make critical decisions when
rationally designing a catalyst to maximize activity and studies of this nature have
greatly increased in the past decade.®® The same is true of photocatalytic reactions and
it was indeed shown above in Figure 4 that the specific photoactivity for cyclohexane
oxidation to cyclohexanone increases with TiO, domain size. The coupling of
quantitative structural information with catalytic activity data to form structure-
activity relationships has been previously applied to the photo-oxidation of

cyclohexane on TiO,-containing catalysts.****% In particular, it was shown that on a
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basis per mass of TiO, catalyst, the photoactivity to cyclohexanone decreases with
increasing particle size. When the surface hydroxyl concentration is used to normalize
the activity to account for the surface nature of the photocatalytic reaction, however,
larger TiO, particles were found to be the most active. The latter finding is in
agreement with the current structure-photoactivity relationship that normalizes activity
by the number of exposed Ti sites available for surface photocatalytic reaction (see
Figure 4). Despite being supported, the 30% and 60% TiO,/SiO, catalysts contain
TiO, (anatase) particles with an average size of ~4 and ~11 nm, respectively, and
allows for the comparison of their activity to that of ~20 nm pure TiO, (anatase).
Furthermore, the current structure-activity relationship reveals that the trend of
decreased photoactivity continues as the domain size is decreased and surface
polymeric TiOs polymers and surface isolated TiO, nanodomains are formed on
supported 12% and 1% TiO,/SiO, catalysts. Therefore, the current structure-activity
relationship comprises a complete set of possible TiOx nanodomain structures.

The structure-photoactivity relationship in the current study leaves the question open
as to why the larger bulk structure in the supported TiO,/SiO, catalysts contributes to
the higher specific activity for photo-oxidation of cyclohexane. The improved activity
of large particles found by Carneiro et al. was concluded to be related to improved
desorption characteristics of large particles that have a higher availability of positively
charged holes that promote product desorption.*® This conclusion, while plausible,
requires additional experimental support. Photoluminescence (PL) spectroscopy, as

discussed in Chapter 2, while a bulk technique, can yield information on the fate of the
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resulting excitons, such as positively charged holes, which must migrate to the surface
of the catalyst to be involved in surface photocatalytic reactions.”

The PL decay properties of the supported TiO,/SiO, catalysts were determined in
Chapter 2 using time resolved PL spectroscopy. The PL decay of the nanodomains in
the various catalysts was observed to contain a fast and a slow component
(biexponential decay) and the relative contribution of the fast and slow component
was determined. Because PL spectroscopy is a bulk technique, the overall lifetime
excitons generated by nanodomains in supported TiO,/SiO, catalysts is not an
indicator of high photoactivity. This conclusion is supported in Chapter 2 and is true
for cyclohexane photo-oxidation as well (see Figure S2). The relative contribution of
the components of decay, however, allows for the semi-quantitative determination of
the number of Ti sites that, upon photon absorption, generate excitons that decay with
fast or slow kinetics. Excitons decaying with slow kinetics can be related to the
surface photo-reaction, because they have a greater opportunity to migrate to the
surface and participate in the photocatalytic process. As was invoked in Chapter 2,
multiplying the total number of Ti sites by the relative contribution of the fast and
slow component yields the number of Ti sites that generate excitons that decay with
fast and slow kinetics, respectively. Larger TiO, (anatase) NPs, with their higher
average size and larger cross sectional area, will absorb more photons at Ti sites at the
surface and bulk of the catalyst particle.>® (See Chapter 2, Section 4.3 for a complete

discussion.)
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Specific activity is plotted as a function of the number of Ti sites that generate
excitons with slow recombination kinetics for the supported TiO,/SiO, catalysts and is
shown in Figure 9a. There exists a strong correlation between high specific activity
and Ti sites generating a large number of excitons with slow recombination kinetics.
Although it cannot be directly shown that all Ti sites produce excitons and that all
generated electrons participate in the photo-oxidation, it is concluded that slow
recombination kinetics are preferred. This conclusion is further supported by the
finding that specific activity shows no correlation with the number of Ti sites
generating excitons with fast recombination kinetics (Figure 9b). The large number of
Ti sites in the bulk of large TiO, (anatase) particles, therefore, act as a reservoir for
slow recombining excitons that are more likely to play a role in surface reactions, and
Figure 9a reveals an electronic structure-photoactivity relationship for cyclohexane
photo-oxidation over TiOx nanodomains.

It has been proposed by Anpo et al. that a single site tetrahedral TiO,4 titanium oxide
species incorporated in a zeolite framework has a relatively high activity in the
reduction of CO, with H,O and the decomposition of NO into N, and O,.” This
finding disagrees with the current results for cyclohexane photo-oxidation, however, it
has been show by Yang et al. that carbon residue in the reactor during CO, photo-
reduction with H,O can lead to false positive results for the activity of this reaction.>*
Therefore, it is unclear whether the isolated TiO, site is truly active for CO, photo-

reduction. It seems unlikely that the single site can provide a sufficient amount of
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excitons to yield high activity during photo-reactions as has been shown to be
necessary for cyclohexane photo-oxidation (see Figure 9a).

4.2 In Situ ATR-FTIR Evidence for the Dependence of Specific Activity on TiOy
Nanodomain Structure

It is qualitatively observed from Figure 5, that in situ ATR-FTIR supports the
conclusion that a larger bulk structure in TiOx nanodomains increases the specific
activity for cyclohexanone production during cyclohexane photo-oxidation. The
appearance of strong peaks in the pure TiO, (anatase) and supported 60% TiO,/SiO;
catalysts relative to the samples with less than 40% TiO, loading agrees with the
overall production of cyclohexanone in the TIR experiments (Figure 1). The
experimental design operated the ATR cell in a batch mode, which closely mimics the
conditions found in the TIR. The positive peaks that were detected give not only
information on adsorbed species, but also yield information on the formation of
products in the liquid reactant phase. The lack of strong positive peaks in the
supported 1% and 12% TiO,/SiO, catalysts in Figure 5 supports the conclusion that
small domains lacking a bulk structure (i.e. surface isolated TiO, and surface
polymeric TiOs) are less active than catalysts containing TiO, (anatase) particles. The
effect of TiO, (anatase) particle size can then be inferred by examining the difference
in the supported 30-60% TiO,/SiO, catalysts. Figure 5 shows that significant product
FTIR peaks are not present until a particle size of ~11 nm in the supported 60%
TiO,/SiO;, catalyst is obtained. When the particles size is increase to ~20 nm in the

pure TiO, (anatase) sample, the relative intensity of the FTIR peak for bulk liquid
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phase cyclohexanone is further increased indicating that more product cyclohexanone
is being formed (see Figures 6 and 7). Furthermore, a comparison of the adsorbed
cyclohexanone peak intensity reveals that the pure TiO, (anatase) catalyst has
improved desorption characteristics in agreement with previous studies and with the
conclusions inferred from the PL spectroscopy results.

4.3 Effect of TiOx Nanodomain Size on Cyclohexane Photo-Oxidation Reaction
Pathways

It is possible to make comparisons of the relative intensity of product and adsorbed
intermediate FTIR peaks that evolve during the reaction on a single catalyst to further
understand how nanodomain size affects the cyclohexane photo-oxidation pathways,
namely desorption and formation of unwanted further oxidation products. Figures 6
and 7 show the time profile for the formation of product cyclohexanone in the liquid
phase (1712 cm™) and adsorbed cyclohexanone (1683 cm™) for the pure TiO,
(anatase) and supported 60% TiO,/SIiO, catalysts, respectively, during 100 mins of
illumination under reaction conditions. It is qualitatively observed that the pure TiO,
(anatase) catalyst has a high intensity of product cyclohexanone than adsorbed
cyclohexanone and that the opposite is true for the supported 60% TiO,/SiO, catalyst.
These differences give insight into the aforementioned reaction pathways.

Another way to examine this data is by tracking the FTIR peak intensity of the
species over time as seen in Figure 10. Because the peak at 1712 cm™ is indicative of
the formation of product cyclohexanone and it is known from the TIR studies that pure

TiO, (anatase) is more active, it can be inferred that the high intensity of the product
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cyclohexanone peak relative to the adsorbed peak is an indication of higher activity.
Conversely, the supported 60% TiO,/SiO, catalyst is less active in the TIR reactor and
the high 1658 cm™ peak for this catalyst indicates that cyclohexanone is adsorbed on
the surface rather than desorbing as a product. This finding on the supported 60%
TiO,/Si0O, catalyst is an indication that the reaction is desorption limited on catalysts
with a smaller particle size and smaller bulk structure. Because the pure TiO;
(anatase) does not exhibit this accumulation of adsorbed cyclohexanone species, it is
concluded that desorption is not as limiting for nanodomains with a larger bulk
structure.

The distribution of the adsorbed carboxylates (1562 cm™) and adsorbed carbonates
(1409 cm™) vary in relative intensity for the pure TiO, (anatase) and supported 60%
TiO,/SiO, catalysts. Carboxylates and carbonates are unwanted, further oxidation
products of cyclohexane. Figure 10 shows that carboxylate and carbonate formation is
relatively more significant for the pure TiO, (anatase) than for the supported 60%
TiO,/Si0O, catalyst. Though a discussion of the mechanism of the reaction is outside
the scope of the current study, it is important to point out that the increasing peak
intensity is an indication of an accumulation of adsorbed species on the catalyst
surface and a possible source of catalyst deactivation.** Recalling that the ATR cell is
run in a batch reactor mode, it is quite possible that cyclohexanone readsorbs to form
the carboxylates and carbonates. This appears to be the case in the pure TiO, catalyst
which shows a higher relative intensity for the relevant peaks. Furthermore, given the

higher activity, it was expected that the product cyclohexanone peak should have been
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much stronger compared to the adsorbed cyclohexanone peak. If readsorption of
product cyclohexanone is taking place, it would account for the seemingly low
intensity of that respective peak. In the case of the supported 60% TiO,/SiO, catalyst,
the intensity of the carboxylate and carbonate peaks is relatively low compared to the
cyclohexanone peaks. If product formation is desorption limited for the smaller TiO,
(anatase) particle, then the cyclohexanone will remain on the surface and not readsorb
as frequently to form carboxylates and carbonates. Thus they will not have a chance
to accumulate on the catalyst surface. Carneiro et al. have studied the effect of TiO;
(anatase) hydroxyl concentration and particle size for cyclohexane photo-oxidation
and found that a high concentration of surface hydroxyls on small particle sizes TiO,
(anatase) due to their higher surface area was beneficial to cyclohexanone activity, but
large particles were more efficient at desorbing cyclohexanone.™

4.4 Relationships between Electronic Structure of TiOx Nanodomains and
Specific Photoactivity

The band gap of a material is a bulk property that has relevance to the photocatalytic
process since it is related to the minimum energy required to generate excitons and

make them available to photocatalytic processes.’*>

It is known from previous
studies on the supported TiO,/SiO, catalysts that the UV-vis-NIR edge energy Eg
values, which are related to the optical band gap, decrease with increased TiO, loading
that parallels increasing titania nanodomain size. A plot of specific photoactivity of

cyclohexanone on the different model TiO, nanodomains as a function of Eg is

depicted in Figure 11. A correlation between Eg and specific activity is not found
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because the catalysts with >40% loading of TiO, exhibit the same Eg value as pure
TiO, (anatase). The supported titania NPs with an average dimension of ~7 nm have
the same electronic properties or Eg value as pure TiO, (anatase) due to their well
developed crystalline TiO, (anatase) structure. Thus, it can be concluded that while
Eg is an appropriate tool for the determination of the wavelength of light necessary to
generate excitons in a given material, the bulk nature of the technique does not provide
information on the critical surface photocatalytic reactions when nanodomain
dispersion is less than 1 and, consequently, the UV-vis edge energy value cannot relate
to the specific photoactivity of the model supported TiO, nanodomains. This finding
corresponds to those found in Chapter 2 for the effect of Eg on photocatalytic water
splitting (Ch. 2, Figure 11).

4.5 Role of the SiO;, Support in Physical and Electronic Structure-Photoactivity
Relationships

A physical mixture of 60% TiO, (anatase) and 40% SiO, support yielded the same
ATR-FTIR spectrum as pure TiO, (anatase) during cyclohexane photo-oxidation (see
Figure 8), but this only demonstrates that the SiO, support is inactive for the oxidation
products. It is not conclusive as to whether the support plays some role in electronic
structure that could result in the lower activity of the supported TiO, (anatase)
nanoparticles found in the supported 60% TiO,/SiO, catalyst. Participation of the
SiO, support in trapping of excitons at inactive silanol sites provides an explanation
for the desorption limitation of the supported 60% TiO,/SiO, catalyst. PL

spectroscopy studies in Chapter 2 indicate that SiO, has non-trivial PL decay

126



properties (Ch. 2, Table 2). The presence of Ti-O-Si bonds can facilitate the migration
of electrons to trap states of the SiO, support that are inactive sites as indicated by the
ATR-FTIR studies on pure SiO, and on the physical mixture of TiO; and SiO,. The
number of electrons that are likely to participate in surface reactions in the small TiO,
nanoparticles of the supported 60% TiO,/SiO, catalyst is already lower than in the
pure TiO, (anatase) sample due to the smaller bulk structure (see Figure 9). If
excitons are being trapped at inactive sites associated with the SiO, support, the
number of excitons available to do the photo-reaction is further decreased. Desorption
of cyclohexanone is predicted to require excitons in the form of positively charged
holes and any additional causes for deficiency would be detrimental to cyclohexanone

product formation.

5. Conclusions

The photo-oxidation of cyclohexane over well-defined TiOx nanodomains was
studied using a top illumination reactor and in situ ATR-FTIR spectroscopy to
investigate the dependence of activity on nanodomain structure. The trend in
cyclohexanone production of the nanodomains proceeded as follows: pure TiO,
(anatase) (20 nm) > TiO, (anatase) nanoparticles (4-11 nm) > surface polymeric TiOs
(~1 nm) > surface isolated TiO4 (~0.4 nm). The specific photoactivity was calculated
by normalization of the activity by the number of exposed Ti sites and revealed that
despite the relatively low number of exposed Ti sites, pure TiO, (anatase) containing

~20 nm nanoparticles was the best catalyst for photo-oxidation of cyclohexane. It is
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concluded that the contribution of the bulk to the nanodomain structure must be large
to yield high specific activity of the photo-reaction. Combining the specific activity
data with previous photoluminescence decay data showed that the bulk structure of the
catalyst acts as a reservoir for producing a large number of long lived excitons that are
more likely to participate in the surface photo-oxidation reaction. The discovery of
the necessity of a large bulk structure led to a structure-activity relationship for the
photo-oxidation of cyclohexane. The in situ ATR-FTIR data confirmed the general
trend that the larger TiO, (anatase) particles are most active and this was evidenced by
the formation of adsorbed reaction intermediates and product species detected in the
reactant liquid phase. The accumulation of adsorbed cyclohexanone on the surface of
less active catalysts containing smaller bulk structures indicates that the reaction is
desorption limited on those nanodomains. Finally, it was shown that the SiO, support
played no direct role in the formation of intermediates or products, but it can
contribute to an increased deficiency in positively charged holes required for
desorption of product cyclohexanone. The structure-photoactivity relationship
between large bulk structure of TiOx nanodomains and high photoactivity has been
demonstrated for two different photocatalytic reactions and it should be taken into
consideration for future rational design of improved photocatalysts for all photo-

reactions using TiO,-containing materials.
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Table 1: Summary of the structure and average size as determined by XANES and
TEM, respectively, of the supported TiO, nanodomains in the supported TiO,/SiO;
catalysts and for pure TiO; (anatase). Data is reproduced from reference 28 except

where indicated.

x% TiO,/SiO, Structure Aveg?zgee (IrD]r?]r)nam Eg (eV)
1 Isolated Sur_face TiO, 0.4% 43
Species
12 Polymeric Su_rface TiOs Lk 34
Species
30 TiO; (anatase) — 2D Rafts 4 3.3
40 TiO; (anatase) — 2D Rafts 7 3.2
60 TiO; (anatase) — 3D 11 39
Nanoclusters
100 TIO, (anatase) - 20+ 3.2
Nanoparticles

*Estimated for Isolated TiO4 Unit **Estimated for Surface TiOs Polymer
+From reference 19
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Table 2: Dispersion and number of exposed sites for the supported TiO,/SiO,
catalysts.

X% TiO,/SiO, Dispersion Exposed Sites (x 10%)
1 1.00* 1.52
12 0.90 16.43
30 0.23 10.21
60 0.08 7.43
100 0.045 5.70

*Assumed to be fully dispersed since the sample contains only surface
isolated TiO, sites.
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Figure 1: Production of cyclohexanone over 6h in the TIR for supported 1, 12, 30,
and 60% TiO,/SiO; catalysts. The supported 12 and 30% TiO,/SiO, catalysts have
had their production normalized to reflect the same mass of TiO, as the supported
60% TiO,/SiO, catalyst. No detectable product formation was observed for the

supported 1% TiO,/SiO, catalyst.
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Figure 2: Cyclohexanone production at 5h reaction time as a function of (a) weight
percent loading of TiO, and (b) average nanodomain size in the supported TiO,/SiO;

catalysts. Domain structure is indicated for reference.
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Figure 3: Cyclohexane photo-oxidation activity (mmol cyclohexanone/g Ti/h) for
cyclohexanone production on TiO, nanodomains as a function of the average domain

size. The TiO, nanodomain structure is shown for reference.
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Figure 4: Specific activity (mmol cyclohexanone/exposed Ti site/h) of TiO,
nanodomains for cyclohexanone production during photo-oxidation of cyclohexane as
function of averages domain size. The TiO, nanodomain structure is shown for

reference.
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Figure 5: ATR-FTIR spectra of the supported TiO,/SiO, catalysts after 100 minutes
of illumination during photo-oxidation of cyclohexane. The spectrum for the pure

Si0O, support material is shown for reference.
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Figure 6: ATR-FTIR spectra composing the time profile (0-100 mins of illumination)
for photo-oxidation of cyclohexane over pure TiO, (anatase). Negative peaks are due

to reactant consumption. Each spectrum represents a 10 min interval.
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Figure 7: ATR-FTIR spectra composing the time profile (0-100 mins of illumination)

for photo-oxidation of cyclohexane over the supported 60% TiO,/SiO, catalyst

containing ~11 nm spherical nanoparticles.

Negative peaks are due to reactant

consumption. Each spectrum represents a 10 min interval.
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Figure 8: Comparison of the ATR-FTIR spectra composing the time profile (0-100
mins of illumination) for photo-oxidation of cyclohexane over pure TiO, (anatase) and
a physical mixture of 60% TiO, (anatase) and 40% SiO, support by weight. The
peaks highlighted in red correspond to cyclohexanone vibrations and the peaks

highlighted in blue correspond to carbonate/carboxylate vibrations.
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Figure 9: Specific activity (mmol cyclohexanone/exposed Ti site/h) of TiO,
nanodomains for cyclohexanone production during photo-oxidation of cyclohexane as
function of the relative contribution of the number of Ti sites producing electrons with
(a) fast and (b) slow recombination dynamics.
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Figure 10: Evolution of the peak intensity for desorbed cyclohexanone (1710 cm™),
adsorbed cyclohexanone (1680 cm™), carboxylates (1580 cm™), and carbonates (1414
cm™) over 100 mins of illumination time for pure (a) TiO, (anatase) and the (b)

supported 60% TiO,/SiO, catalyst.
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Figure 11: Specific activity (mmol cyclohexanone/exposed Ti site/h) of TiO,
nanodomains for cyclohexanone production during photo-oxidation of cyclohexane as

function of edge energy, Eg. The TiO, nanodomain structure and the exact Eg value

are shown for reference.
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Chapter 3

Supporting Information

The calculation of dispersion and the assumptions necessary to do so are discussed
in Chapter 2 and the Supporting Information of Chapter 2 and the reader is referred to
the relevant sections for more information. Figure S2 plots the dispersion and number
of exposed Ti sites as a function of weight percent loading of TiO, for the supported
TiO,/SiO, catalysts. This is done for only the catalysts used in the study found in the
current chapter. It is necessary to show this data a second time because the particle
size of the pure TiO, (anatase) (20 nm average particle size) is different from that used
in Chapter 2. Figure S2 shows that the number of exposed Ti sites for 20 nm particle
size, pure TiO, (anatase) is still the lowest of all the TiOx nanodomains found in the
supported catalysts with a weight percent loading of 40 and above. The mass of TiO;
in the supported 1% TiO,/SiO; catalyst is significantly low so as to cause it to have the
fewest number of exposed Ti sites.

Figure S2 shows the specific activity as a function of the decay time of
photoluminescence (PL) as determined by the PL decay study on the supported
TiO,/SiO, catalysts in Chapter 2. In agreement with the findings of Chapter 2, Figure
S2 shows that the longer decay time of the surface isolated TiO4 nanodomain in the
supported 1% TiO,/SiO, catalyst is not an indication of high specific activity. This
was thought to be a benefit to catalytic activity, however the property is irrelevant if
an insufficient number of excitons are generated that decay with a long lifetime. The
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low contribution of slow decay was shown to be the true for the smaller domain sizes

and is believed to be related to the bulk of the nanodomain.
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Figure S1: Dispersion (black) and the number of exposed Ti sites (blue) as a function

of the average domain size in the supported TiO,/SiO, catalysts. TiO, domain
structure is indicated for reference.
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Figure S2: Specific activity (mmol/exposed Ti site/h) of TiO, nanodomains for
cyclohexanone production during photo-oxidation of cyclohexane as function of the
slow decay time, t2, as determined the exponential decay of photoluminescence of the

supported TiO,/SiO; catalysts.
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CHAPTER 4

In situ ATR-FTIR and Raman Spectroscopic Studies of Surface
Reaction Intermediates during Photocatalytic Splitting of H,O over

TiO,

Abstract

Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy
was utilized to probe the formation of intermediates on TiO, thin films during the
photocatalytic water splitting reaction. TiO; thin film thickness was calculated
theoretically for the ideal penetration depth of the ATR evanescent wave and found to
be insufficient for the collection of spectra due to the high absorption of liquid H,O
and the difficulties associated with forming an ideal thin film. Useful spectroscopic
measurements were still made by observing the increase of a broad spectral region
from 1000 — 1200 cm™ under UV illumination. The region was shown to be related to
intermediates formed during water splitting and not an artifact of illumination be
performing the experiment in the absence of H,O. ATR-FTIR and Raman
spectroscopy were performed during adsorption of was performed to assign possible
intermediates in the 1000 — 1200 cm™. Raman spectroscopy was shown to be
ineffective for intermediate detection during water splitting. The detection of

superoxides by electron paramagnetic resonance spectroscopy during oxygen
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adsorption, coupled with theoretical and experimental results, indicate that the 1000 —
1200 cm™ region is related to a variety of species including superoxides, OH, and
OOH vibrations. The absence of evidence for Ti-OOH vibrations is in agreement with

the experimental conditions used and the kinetic relevance of such a species.

1. Introduction

Photocatalytic splitting of H,O to H, and O, has been identified as a possible route
to produce alternative, sustainable non-carbon fuel and improvements of the efficiency
of such a process have motivated the study of this heterogeneous photocatalytic
reaction. Electrolysis of H,O into H, and O, on TiO; electrodes was discovered in
1972 and TiO, has become the most studied photocatalyst." Titania-based materials,
however, are semiconductor oxides with relatively wide bandgap energies (3.0 eV for
rutile and 3.2 eV for anatase) and have been found to be relatively inefficient
photocatalysts for H, production during water splitting when compared to a large
variety of other photocatalysts for this reaction.” Furthermore, TiO, does not
efficiently utilize the solar spectrum because excitation wavelengths of less than 400
nm are required to activate the photocatalyst.

In the last decade, modification of TiO, photocatalysts by doping® and development
of advanced semiconductor mixed metal oxide photocatalysts® have been developed in
an attempt to improve the efficiency of water splitting. The improvements in
efficiency of TiO, catalysts are accomplished via broadening light absorption into the

visible range of the spectrum, preventing recombination of electron (¢”) and hole (h*)
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pairs, and increasing intrinsic catalysts properties such as phase, surface area, particle
size, hydroxyl concentration.*® The advanced, non-TiO,-based oxide catalysts have
been shown to improve the activity for H, production by order of magnitude over TiO,
(~100 pmol/g catalyst/h).> Kato et al. have developed a lanthanum-doped NaTaOs
material impregnated with a NiO cocatalyst that has reported an H; activity of 19,800
umol/g catalyst/h.® Maeda et al. have developed a visible light active (Gaz.xZny)(Na-
xOyx) solid solution surface loaded with Rh and Cr yielding an H, activity of 3835
umol/g catalyst/h.”® These novel water splitting catalysts, however, still fall below the
desired solar efficiency. In addition, fundamental surface characterization studies still
have not been reported and spectroscopic evidence of the mechanism is scarce.
Therefore, despite the relatively low efficiency and activity of the reaction on TiO»,
spectroscopic investigation of TiO, during photocatalytic water splitting reaction
conditions will greatly add to the fundamental understanding of mechanistic aspects
such as surface adsorbed intermediates, catalytic active site, and rate-determining-step.

Photocatalytic decomposition of H,O to H, and O, occurs via the half reaction:

H0(aq) = Hy(g) + %05(9) €
The mechanism of water splitting is proposed to proceed in three main steps,
qualitatively described as: 1) absorption of photons to form electron and hole pairs, 2)
electron and hole separation and migration to surface catalytic active sites, and 3) the
overall surface chemical reactions described by Equation 1.}* The reaction steps of
water splitting were schematically shown in Chapter 1 (Ch. 1, Figure 3). It is
proposed that water is oxidized to form O, at surface catalytic active sites associated
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with positively charge holes and that H” is reduced to H, at surface catalytic active
sites associated with electrons. Regarding spectroscopic detection of the intermediates
of the water splitting mechanism, two difficulties can be identified. First, the initiation
of photocatalytic reactions is believed to proceed through the formation activated
oxygen species, such as superoxide radicals (O), that must be formed through O,
reduction by e and that the oxidizing h* excitons can generate surface hydroxyl
radicals (*OH).**** The formation of such strongly oxidizing radicals is believed to be
the main driving force behind photocatalytic reactions on TiO, surfaces*? and is in
agreement with recent density functional theory (DFT) studies.’* The characteristic
lifetimes of such species is believed to be quite short (< 100 ns), especially if they are
not involved in the rate-determining-step of the reaction mechanism, which makes

spectroscopic detection difficult.****

Second, the proposed intermediate structures
such as surface hydroxyls, superoxides, and peroxides often yield spectral vibrations
that are closely related to the characteristic FTIR bands of the reactant H,0.***>*
Because H,0 has extremely high absorption of IR light, it can often mask such closely
related, relevant reaction intermediates.'®

The second difficulty can be addressed through the use of attenuated total
reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy. ATR-FTIR has
been shown to be a technique that can successfully probe the solid-liquid interface that
exists in many photocatalytic reaction systems.’*# Almeida et al. used ATR-FTIR to

study cyclohexane photo-oxidation and identified key adsorbed intermediates that

allowed the proposal of a possible reaction mechanism.?*%* ATR-FTIR spectroscopy
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also was employed during photo-oxidation of water over TiO, (rutile) to determine the
primary reaction intermediates. It was found that surface peroxo species (Ti-OOH),
stretching v(0-O) vibration at 838 cm™, accumulate on the titania surface with
increasing reaction time.'® The appearance of this peak appears to be related to the
presence of 10 mM Fe®* used as an electron trapping agent in the H,O reactant
solution, which also shifts the pH to 2.4. It is still unclear, however, if Ti-OOH plays
a vital role in the water splitting mechanism over TiO, in the absence of toxic
chemicals that act as electron and/or hole traps.

The identification of surface Ti-OOH groups under relevant water splitting photo-
reaction conditions is further complicated by the predicted transient nature of such an
intermediate. Density functional theory (DFT) calculations by Valdés et al. find that
the formation of surface hydroxyl groups at the coordinatively unsaturated TiO; sites
is the rate-determining-step of water splitting and predict that because Ti-OOH is not
involved in this step its presence will be difficult to experimentally detect.'* The
detection of such a transient reaction intermediate would require spectroscopic
collection times with a temporal resolution of the same scale. Using ATR-FTIR
combined with rapid-scan collection, Sivasankar et al. observed a hydroperoxide
intermediate on an iridium oxide-based catalyst during visible-light driven water
photo-oxidation.?” After a 1s pulse of excitation light, the detected OOH band at ~830
cm™ was observed only during the first 610 ms. The timescale of the detection is
kinetically relevant for this short-lived reaction intermediate, especially if it is not

involved in the rate-determining-step as proposed by DFT. Therefore, it will be
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beneficial to use ATR-FTIR under relevant water splitting photo-reaction conditions
to probe for the existence of other reaction intermediates that are more closely
associated with the DFT-predicted rate-determining-step. A separate DFT study by
Mattioli et al. calculated the predicted vibrations for a broad range of possible relevant
adsorbed oxygen-containing surface intermediates on TiO, (anatase) during photo-
reaction and their study will be used as an aid for the current ATR-FTIR studies on

photocatalytic water splitting over TiO,."

2. Experimental

2.1 Thin Film Preparation and SEM Imaging

Thin films of TiO, were deposited on the ZnSe IRE for ATR-FTIR and on glass
slides for scanning electron microscopy imaging using a technique developed by
Kumnorkaew et al. and modified for the deposition of TiO, particles.®® TiO, powder
(Degussa P-25) was first suspended in ethanol (200 proof) at a concentration of ~0.18
g/mL, the resulting suspension having a paste like consistency. The suspension was
then mixed well with a vortex mixer for 2-3 min. Thorough dispersion of the
suspension was achieved using a sonic dismembrator (model 550, Fisher Scientific,
Pittsburgh, PA). The sonication was performed for 1h in a pulse mode of 1 sec on/1
sec off at 20 kHz and 50% power. The suspension was then stirred with a spatula
prior to deposition. A template for deposition was created using 3M Scotch Magic
Tape #810 with a thickness of 62.5 um. The tape was placed on both sides of the

ZnSe crystal or parallel to the length of the glass slides to create a channel-like
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template for deposition. Approximately 300 pL of the suspension was placed at one
end of the channel and spread across the ZnSe or glass substrate using a glass slide as
a deposition blade. The deposited suspension was allowed to dry for 10 minutes
before the tape was removed. The film was allowed to dry overnight and was further
treated at 100 °C for 1h prior to use to drive off any remaining ethanol.

Scanning electron microscopy (SEM) was performed using a FEI/Philips XL-30
ESEM (Environmental Scanning Electron Microscope) featuring a conventional
hairpin tungsten source and using a secondary electron (SE) detector. The beam
voltage was 5.00 kV and a working distance of 23.5 um was used, resulting in a
magnification of 1469x. The thin films prepared on glass slides were fractured along
the width, mounted in the environmental chamber of the SEM, and the sample was
tilted to 90 degrees to examine the thickness of the prepared thin films.

2.2 ATR-FTIR Spectroscopy Theory, Calculations, and Determination of Thin
Film Thickness

The positioning of the TiO, catalyst/water reactant interface at the penetration depth
of the evanescent wave associated with the ATR-FTIR technique allows direct
spectroscopic measurement at the interface while minimizing the unwanted
contribution of the liquid H,O reactant’s contribution to the spectrum. The evanescent
wave is a standing wave and forms perpendicular to the IRE surface with a penetration
depth d, into the sample that is dependent on the wavelength of light A, the angle of

incidence 0, and the refractive indices of the IRE and the sample:
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dy = - @

2m |(n2sin20-n2)

where n; is the refractive index of the IRE and n, is the refractive index of the

sample.?? The calculation of penetration depth is complicated by the fact that the
index of refractive of the sample is affected by the relative porosity of the material and
by the material filling the pores. Mojet et al. calculated that the penetration depth for
a sample with pores filled with water increased 1.3 times over a one with pores filled
with air.®® The effect of the porosity and material filling the pore space can be

reflected in a calculation of the effective refractive index ne of the sample:

Nepr = /(1 — pInZ + Ppn (3)
where ¢ is the relative porosity and n. and n, are the refractive indices of the catalyst
and the material filling the pores, respectively. Using Equations 2 and 3, the
penetration depth can be calculated for an ATR-FTIR system studying water splitting
on a TiO, thin film, but the theoretical prediction does not always work in practice due
to difficulties in creating an ideal TiO; thin film.?

For the TiO, thin film in contact with a ZnSe IRE in the current study, the
penetration depth of the evanescent wave can be estimated theoretically using
Equations 2 and 3 for TiO, thin film coatings of varying porosity. The refractive
index, though a function of wavelength, was taken to be constant for the sample
materials and IRE. To calculate the effective refractive index for the sample using
Equation 2, the refractive index at 2000 cm™ for TiO, and H,O was used (2.40 and

1.33, respectively).” A constant refractive index for the ZnSe IRE of 2.42 was used to
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calculate the penetration depth of the evanescent wave as a function of the wavelength
(expressed in wavenumbers).?? Figure 1 shows the results of the calculation for
various porosities using the effective refractive index of the TiO, coating with its
pores filled with water. As the wavenumber of the light approaches the cutoff of the
ZnSe IRE (~700 cm™) the penetration depth increases significantly. For the spectral
range of interest (4000 — 800 cm™) the penetration depth remains below ~3 pm,
especially at higher porosities. Therefore, it is theoretically estimated that a thin film
coating of ~3 um should allow direct probing of the solid-liquid interface during ATR-
FTIR of water splitting on TiO; thin films.

Ortiz-Hernandez et al. showed that the theoretical predictions do not apply in
practice due to the difficulties involved in creating an ideal sample thin film.?* This
was also found to be true for the water splitting sample system in the current study, as
the high contribution of the water background made collection of spectra impossible
for thin films of ~3 pm (not shown). Therefore, their estimate of 5d, was employed to
avoid the contribution of water that is outside of the film. Using the film deposition
technique described below, thin films averaging 15-20 um were deposited on the ZnSe
crystal for the current study. The film thickness was characterized by SEM imaging
and is shown in Figure 2. The thin films were observed to be smooth and uniform in
thickness and packing, however cracking of the film was still possible.

2.3 In Situ ATR-FTIR Spectroscopy

The ATR-FTIR cell used was a Harrick Horizon multiple internal reflections

accessory coupled with a temperature controlled flow through cell. The flow through
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cell consisted of two plates; the top plate contained a quartz window for illumination
of the sample and the bottom plate contained a ZnSe crystal IRE. The sample volume
of the cell was 0.47 mL. The ZnSe IRE had dimensions of 50 x 10 x 2 mm® and a
45° angle of incidence of the IR beam, yielding 11 internal reflections. Figure 3a
shows a photo of the top plate of the ATR flow through cell containing the quartz
window for illumination, inlet/outlet flow ports, and the thermocouple and heater port
for temperature control. The FTIR spectra were recorded using a Thermo Scientific
Nicolet 8700 Research FT-IR Spectrometer equipped with a liquid cooled MCT
detector. Illumination of the sample during photocatalytic water splitting was
achieved using a 150 W Xe lamp (Newport Apex Arc Lamp Source, model 71228)
and light was directed to the sample using a standard grade fused silica fiber optic
bundle (0.125in diameter, Newport).

In situ ATR-FTIR spectra were collected for water splitting on the TiO; thin films
after first treating the samples at 100 °C to remove residual ethanol using the
temperature control capabilities of the cell. The sample was heated and cooled at a
rate of 10°C/min to avoid thermal damage to the ZnSe IRE. The reactant DI water
was introduced into the cell under dark (no UV illumination) conditions by using an
attached syringe to fill the sample volume of the flow through cell. Spectra were
collected under dark conditions for 5 mins prior to illumination. Collection under
illumination was done for 30 mins, followed by a post reaction collection under dark
conditions. Figure 3b shows photo of the entire in situ ATR-FTIR experimental setup

for illumination during photocatalytic water splitting with the syringe for liquid
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injection into the sample volume and the fiber optic cable for illumination by the 150
W Xe lamp.

2.4 Raman Spectroscopy

Raman spectroscopy studies were performed with a Horiba-Jobin Yvon LabRam-IR
High Resolution instrument equipped with a 532 nm visible light laser source
(Coherent Compass 315M-150, Nd:YAG double diode pumped laser) and a 325 nm
UV light laser source (Kimmon, model IK57511-G, He-Cd laser). The Raman
spectrometer was equipped with a confocal microscope equipped with a 50X long
working distance objective (Olympus BX-30-LWD) for the visible laser and a 15X
objective (OFR LMU-15X-NUV) for the UV laser. The spectrometer was optimized
for the best spectral resolution by employing a 900 grooves/mm grating (Horiba-Jobin
Yvon 51093140HR) for the visible laser and a 2400 groves/mm grating (Horiba-Jobin
Yvon 53011140HR) for the UV laser. The Raman spectral resolution for both
gratings was ~2 cm™. The Rayleigh scattered light was rejected with holographic
notch filters (Kaiser Super Notch) with a window cutoff of ~100 cm™ and~300 cm™
for the visible and UV lasers, respectively. The scattered light from the sample, after
Rayleigh scattering removal, was directed to a UV/visible sensitive LN,-cooled CCD
detector (Horiba-Jobin Yvon CCD-3000V). The LabSpec 5 software was used to
calibrate each laser line and grating to minimize errors in linearity across the full
Raman spectrum range and to collect the Raman spectra. The ambient Raman spectra
were collected on the TiO; thin films on glass slides. In situ Raman spectra were

collected by using a micro-pipette to place liquid on the catalyst surface (DI H,O or

165



HOOH, 30% solution in water, EMD Chemicals). During the in situ Raman
spectroscopy using the visible laser line the 150 W Xe lamp described above for the
ATR-FTIR experiments was employed to initiate the photocatalytic reaction. For in
situ Raman spectroscopy using the UV laser line, the 325 nm laser itself was
employed to initiate the photocatalytic reaction.

2.5 In Situ Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic spectroscopy (EPR) was performing using Bruker ESP 300
spectrometer operating at 9 GHz. The EPR spectrometer was equipped with an in situ
cell with temperature control and gas flow capabilities. In situ EPR spectra were
collected during the formation of defects on TiO, under reducing conditions (5%
H./He at 30 mL/min). The temperature was ramped at 5 K/min to 505 K during
reduction. Oxygen was introduced to the cell (10% O,/He) to adsorb at defect sites on
the catalyst sample. EPR spectra were collected during all experimental phases at a

rate of ~1 spectrum/min.

3. Results

3.1 HOOH Adsorption and Intermediate Detection

The ATR-FTIR spectra were initially collected during the formation adsorbed
HOOH species on the TiO, thin film surface. Spectra were taken every ~1.2 min for
30 min with a mirror velocity of 0.6329 cm/s and 72 scans/spectrum. The background
used was the TiO, thin film in contact with a water layer to remove the contribution of

the water in the HOOH solution. The spectral range centered around the peroxo
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vibrations (950-750 cm™) are shown in Figure 4. The band at 877 cm™ is assigned to
the peroxo stretching v(O-O) vibration of unbound, aqgueous HOOH and this FTIR

band appears immediately.*®*

As HOOH adsorbs over time, the relatively broad
band centered at 834 cm™ increases in intensity and stabilizes after ~15 min.
Nakamura et al. have assigned this band to the v(O-O) of an adsorbed peroxo species
bound to Ti (Ti-OOH).® The assignment is supported by DFT studies of the photo-
reduction of oxygen on TiO, (anatase).”’

An additional peak was observed in the spectral region between 1175 and 975 cm™
shown in Figure 5. The minor peak at 1121 cm™ was not identified in the
experimental studies previously found in the literature. This peak can be assigned to
v(0-0O) for adsorbed superoxide (O,) species and is in agreement with DFT
predictions'” and superoxide oxygen stretches found experimentally on other oxide
surfaces.*

Raman spectra were also collected during adsorption of HOOH solutions. Pure 30%
HOOH/H,0 solution (not shown) was found to produce a very strong peak at 878 cm™
for the v(O-0) vibration of aqueous, unbound hydrogen peroxide. To determine if the
intensity of this peak was masking the adsorbed Ti-OOH vibration, solutions of 1.0
and 0.1% HOOH/H,O were prepared and used in adsorption experiments. The
resulting Raman spectra after 10 min of HOOH adsorption for both solution
concentrations are shown in Figure 6. Note that although Raman spectra are typically
displayed as a function of increasing Raman shift, Figure 6 is displayed as a function

of decreasing Raman shift for ease of comparison to the convention used in IR
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spectroscopy. Raman spectroscopy is sensitive to TiO, (anatase) crystal vibrations,
and an overtone from the TiO; (anatase) in the sample can be seen at a Raman shift of
795 cm™3  For the 1.0% HOOH solution in Figure 6a, the 878 cm™ peak for
HOOH(aq) is present however there is still no trace of the adsorbed Ti-OOH vibration.
Further decreasing the solution concentration to 0.1% HOOH vyielded a Raman
spectrum that showed no signs of adsorption (Figure 6b)

3.2 In Situ ATR-FTIR and Raman Spectroscopy of Water Splitting on TiO,
Thin Films

3.2.1 ATR-FTIR Spectroscopy

In situ ATR-FTIR spectra were collected under real photocatalytic water splitting
reaction conditions (in air, ambient temperature and pressure, and UV illumination)
using a series collection method. The mirror velocity was increased to 3.7974 cm/s
and the 50 scans/spectrum was used resulting in a sampling interval of 12.11
sec/spectrum. The spectrometer maintained a resolution of 4 cm™. The background
was collected after H,O was injected into the sample volume and under dark
conditions.  lllumination began after ~2 minutes of collection time, illumination
continued for 23 minutes, and finally the system was returned to dark conditions for
the final 5 minutes of collection yielding a total experiment time of 30 minutes.

Figure 7a shows the results of the experiment as a 2D contour map with dark blue
indicating areas of low intensity and red indicating areas of high intensity. The figure
is labeled to explain the areas of extremely high intensity. These areas are related to

liquid phase water that is not interacting with the TiO, photocatalyst and are assigned
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to O-H stretching vibration v(O-H) at ~3000-3600 cm™ and the O-H scissors-bending
mode 5(O-H) centered at 1635 cm™.*® The area of high intensity at 700 cm™ and
below is related to the wavenumber cutoff of the ZnSe IRE. When the UV
illumination begins at 2 minutes an area of increased intensity in the range 1000 —
1200 cm™ is observed for the duration of the illumination time. When the UV lamp is
turned off, the intensity of this region begins to decrease. Vibrations in this region

could be related to stretching vibrations v(O-O) from superoxides'’

or the bending
mode 8(O-H) of peroxides.™*" Specific peaks could not be resolved due to the high
level of noise introduced by the inconsistent water background, but an analysis of the
peak area from 1000 — 1200 cm™ quantitatively confirmed the change intensity with
illumination (Figure 7b).

To ensure that the spectral features the appear in the range of 1000-1200 cm™ were
related to photocatalytic water splitting, the experiment was repeated several times and
also performed in the absence of water. Figure 8 shows the peak area as a function of
time for a UV illumination with and without the presence of water. The illumination
was performed such that the dark/illuminated/dark durations of time were 5/30/15
min. For the experiment in the absence of water, the water was removed by
pretreating the sample at 100 °C prior to illumination and the background used was
that of the dried TiO, thin film at ambient temperature. The spectral features in the

1000 — 1200 cm™ range do not appear in the absence of water indicating.

3.2.2 Raman Spectroscopy
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In situ Raman spectroscopy during water splitting on TiO thin films was performed
using two techniques. It was first attempted to simultaneously illuminate the sample
with the 150 W Xe lamp and collect Raman spectra with the visible 532 nm laser line
as an excitation source. Simultaneous visible Raman and illumination proved to be
impossible because the CCD detector was immediately saturated be the large amount
of scattered light from the water on the TiO, thin film.

To simultaneously illuminate the sample to initiate photocatalytic water splitting and
collect Raman spectra the UV laser (325 nm) was employed to serve both functions.
The UV Raman requires long collection times (~2 min), therefore the laser was
allowed to illuminate the sample for at least 10 min before collection of a spectrum.
Spectra were collected under several conditions and are displayed in Figure 9. The
Raman spectrum of the TiO, thin film is shown for reference and the strong bands
associated with TiO; (anatase) phase are labeled “A” in the figure. The addition of the
reactant water made no detectable difference in the spectrum. The same is true for
using a 10 mM Fe**/H,0 solution as was invoked in the literature.’® Two unidentified
bands appear in all the spectra in Figure 9. These bands at 851 and 971 cm™ may be
artifacts, but they are in no way involved with the water splitting reaction as they were
present in the spectrum for ambient TiO, and are unaffected by the use of isotopically

labeled D,0 as the reactant.

4. Discussion

4.1 ldentification of Relevant Intermediates
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It was necessary to identify possible intermediate vibrations in ATR-FTIR and
Raman spectroscopy in order to later make peak assignments for the photo-reaction
and facilitate understanding of what can be expected to occur during water splitting.
Adsorption of HOOH experiments were carried out under ambient conditions in
accordance with the study by Nakamura et al. to ensure the current experimental setup
could reproduce the previous work and identify relevant intermediates. The HOOH
adsorption ATR-FTIR measurements were found be in agreement with Nakamura et
al. for the v(O-O) stretching vibrations of both aqueous, unbound HOOH and
adsorbed Ti-OOH giving confidence in the current experimental setup. An additional
weak peak, however, was detected at 1121 cm™ (Figure 5) and was not previously
identified. This peak can be assigned to the v(O-O) stretch of adsorbed superoxide.
This assignment is supported by DFT and experimental results on other oxide surfaces
and will be discussed below.

Further support for the formation of relatively stable adsorbed superoxide (O)
species was obtained from EPR spectroscopy. The formation of surface oxygen
defects can be induced in the TiO, surface by treating the sample at elevated
temperature in a reducing environment (5% Hj/He, 30 mL/min). When oxygen
defects are formed, the defect can trap electrons at the anionic vacancies forming so-
called F centers of color centers.*® The F center is highly EPR active and can be seen
for reduced TiO; as an intense symmetric signal in Figure 10. Furthermore, F centers
formation can be induced by irradiation® and the signal was found to increase with

UV illumination (not shown). The addition of 10% O,/He into the EPR cell after
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reduction caused rapid consumption of the F center signal and resulting in the
formation of asymmetric O, signal (Figure 10). The signal shows resonance at
applied magnetic fields that correspond to the g-tensor predicted for O, species.*
From this data, which was obtained at high temperature, it can be concluded that the
superoxide formation on TiO, should proceed at the ambient conditions found in
photocatalytic water splitting. Furthermore, the formation of F centers is linked to UV
illumination, therefore the formation of O, can be expected to participate in water
splitting and is a possible detectable intermediate.

Raman spectroscopy, unfortunately, yielded no useful information on adsorbed
peroxo Ti-OOH or superoxo species. The use of 1.0 and 0.1% HOOH/H,0O solutions
was to be certain the intensity of the aqueous, unbound HOOH peak at 877 cm™.
Figure 6a shows that despite the low intensity of this band for adsorption in the 1%
HOOH/H,0 solution, no additional signals could be found and this may be due to the
broad tailing of the TiO, (anatase) overtone centered at 795 cm™. It is known from the
ATR-FTIR experiments that under the experimental conditions used for HOOH
adsorption, Ti-OOH readily forms on the surface. The absence of a Ti-OOH
vibration, therefore, does not provide evidence that it is not present and it may be that
it is Raman inactive or masked by the TiO, (anatase) overtone.

4.2 Intermediates Detected During In Situ Spectroscopy of Water Splitting
Over TiO, Thin Films

The difficulty of creating an ideal TiO, thin film yielding highly resolved ATR-

FTIR features is reflected in the 2D contour map of Figure 7a. The contribution of the
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absorption of IR by H,O can be clearly observed and, although the highest intensities
are centered around the v(O-H) and 6(O-H) vibrations, the water is likely to contribute
to an inconsistent background over the entire spectral range and will be a detriment to
resolving reaction intermediate FTIR peaks. Regardless of the inability to resolve
specific FTIR peaks, meaningful spectral information was obtained by tracking the
peak area in regions that were affected by UV illumination (Figure 7b). The increased
intensity of the broad region from 1000 — 1200 cm™ coincides exactly with the start of
UV illumination and the decrease in intensity similarly responds to the absence of UV
illumination. The increased intensity is evidence for the formation of photo-reaction
intermediate species related to water splitting and a large number of possible dioxygen
vibrations have been assigned in this region. DFT calculations have predicted that the
v(0-0) for adsorbed O, occurs at 1194 cm™ on TiO, (anatase) (1 0 1).}” Adsorbed
hydroperoxo species (Ti-OOH™) were predicted to have §(0-H) at 1151 cm™ and two-
fold coordinated OH groups exhibit 8(O-H) around 1075 cm™. Furthermore, the
assignment of the previously unseen band at 1121 cm™ during HOOH adsorption
(Figure 5) to adsorbed superoxide species agrees with the DFT results and
experimental results for adsorbed O, on CeO,. The multitude of species yielding
vibrations in this range supports the observation of increased peak area from 1100-
1200 cm™ during illumination to initiate water splitting on TiO,. The variety of
species also contributes to the inability to resolve a single intense peak in this region.
The absence of an observable FTIR peak at 838 cm™ for the v(O-O) of Ti-OOH in

Figure 7a may be due to the inconsistent background and the relative proximity of this
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region to the ZnSe cutoff, but it is also likely due to the effect of pH on the formation
of this species. The use of 10 mM Fe*" solution was predicted to act an electron
scavenger to suppress the formation of surface intermediates caused by electrons and
to increase the number of intermediates formed by holes.® The Fe** solution,
however, also introduced an acidic environment of pH = 2.4. It was argued by
Mattioli et al. that the experimental assignment of this band to a neutral OOH bound
to Ti was not supported due to variations in the pH during the experiments.'” The
presence of hydroperoxo groups is still possible, but DFT predicts their v(O-O)
vibration to be closer to 971 cm™ and their 8(O-H) vibrations to be in the 1000-1200
cm™ range of interest to the current study.

These conclusions based on pH considerations suggest that the absence the Ti-OOH
FTIR peak in Figure 7a may not be only related to the inconsistent background.
Furthermore, the importance of the experimental conditions, such as pH, is highlighted
in regards to the identification of intermediates under relevant experimental
conditions. It is not desirable to introduce Fe** to the reactant H,O for photocatalytic
water splitting if the process is to be clean especially when this accomplished using
FeCl;. Also, when a mechanism is proposed for water splitting over TiO,, the species
involved in the rate-determining-step are usually the most readily detectable by
spectroscopic methods. If the detection of intermediates in affected by pH,
mechanisms proposed are only applicable at that pH. DFT calculations by Valdes et
al. suggest that Ti-OOH species do not play a role in the rate-determining-step and

should be difficult to detect spectroscopically. Their calculations predict that the
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formation of hydroxyl groups at the coordinatively unsaturated TiO, sites is the rate-
determining-step. When this is coupled with the predicted vibrations for OH species
and the observed increase in the 1000-1200 cm™ in the current ATR-FTIR studies, a
more complicated picture of the relevant intermediates formed during water splitting
on TiO; begins to form.

Regarding Raman spectroscopy of TiO, thin films under water splitting conditions
utilizing the UV laser as both an excitation for Raman and to initiate the photo-
reaction, it is apparent from Figure 9 that little could be concluded. The 325 nm laser
contributes photons of high enough energy to initiate photo-excitation, however it may
be that the power is not significant to produce detectable Raman bands. The odd
bands that appear at 851 and 971 cm™ are concluded to be insignificant as they were
present under dry conditions and were unaffected by isotopically labeled D,O. 10 mM
Fe**/H,O solution was used to see if the lower pH would yield an intermediate
formation, but no change was observed. Because the simultaneous illumination with a
high powered UV lamp and collection of Raman spectra was not possible, it is
concluded that unless transient experiments are utilized, Raman spectroscopy is likely
not an ideal experimental technique for monitoring intermediate formation on TiO,
during photocatalytic water splitting.

4.3 ATR-FTIR in the Absence of H,0.

It is necessary to confirm that the increase in the spectral region predicted to contain
relevant photocatalytic intermediates (1000 — 1200 cm™) is not due to an artifact

caused by shifts in the baseline related UV illumination. This was achieved by
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performing the illumination in the absence of the reactant H,O on a TiO, thin film that
was first dehydrated for 1h at 100 °C. The spectral features in the 1000 — 1200 cm™
range do not appear in the absence of water indicating they are indeed related to
photo-reaction over the TiO, catalysts. Furthermore, no significant increase in the
baseline of the spectra was observed over the duration of the experiment under both
illuminated and dark conditions. The species detected from 1000 — 1200 cm™ can also
be concluded to be related to water splitting, rather than gaseous O, adsorption since
they do not appear under UV illumination in the absence of H,O. Finally, it can be
seen in Figure 8 that the initial increase in intensity corresponding with the start of
illumination is qualitatively observed to have different kinetics that the decrease in
intensity when the UV illumination is ceased. This suggests that they are related to
different mechanistic steps, i.e. adsorption and desorption. The decrease in the initial
maximum intensity during illumination is also of interest as it is observed in both
Figures 7b and 8. It is difficult to speculate what the cause of the fluctuations in
intensity is because such a broad range of vibrations are being tracked and the changes
cannot be linked to a specific resolved peak.

4.4 TiO, Thin Film Thickness

The ability to probe the solid/liquid interface using the ATR-IR technique depends
on the penetration depth of the evanescent wave from the IRE/sample interface and the
thickness of the sample coating on the IRE.'®#"?? If the sample coating is too thin, the
liquid’s contribution will be significant and it can mask the detection of intermediates.

If the coating is too thick, the evanescent wave will interact only with the sample and
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the solid/liquid interface will not be probed. Figure 1 shows the wavenumber
dependence of the penetration depth of TiO, thin films on the ZnSe IRE. The increase
in penetration depth at wavenumbers approaching the cutoff of ZnSe is in agreement
with previous calculations in the literature giving confidence in the current
calculations.”® The calculations show the penetration depth decreasing as porosity
increases, but the trend is not significant. Only curves for porosities at and above
¢ = 0.5 are shown because it was found that minimum porosity of the thin film is
required any penetration to occur. This finding is not an issue because it has been
shown that thin films of TiO, (P-25) prepared in a similar fashion have a porosity of
¢ ~ 0.8.# It was concluded that a film thickness of ~3 um would be sufficient to
approximate the penetration depth at relevant wavenumbers, i.e. 1200 cm™ and below.
It was found that this thickness was not sufficient to minimize the water contribution
to the ATR-FTIR spectrum and this finding is in agreement with Ortiz-Hernandez et
al. who showed explained that the difficulty lied in creating an ideal sample thin
film.2' Therefore, their estimate of 5d, was employed to avoid the contribution of
water that is outside of the film. Despite the uniformity of the thickness and packing
seen in the SEM image of the film shown in Figure 2 cracking of the film was
observed and likely contributed to the inconsistent water background observed in the
subsequent ATR-FTIR spectra in this study. Despite this finding, meaningful ATR-
FTIR spectral features were still obtained, but film thickness is an area which requires
further study into the optimization for water splitting. Better control and knowledge

of the film thickness and porosity is required. These findings also suggest that the
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calculation of film thickness cannot ignore the dependence of refractive index on

wavelength for all the materials of the system, i.e. ZnSe, H,0, and TiO..

5. Conclusions

ATR-FTIR and Raman spectroscopy were employed to identify the intermediates
formed during photocatalytic water splitting. Adsorption of HOOH confirmed that Ti-
OOH species could be detected using ATR-FTIR, but Raman spectroscopy provided
no information on adsorbed peroxo species. Additionally, a previously undetected
weak peak assigned to adsorbed O, was detected as a possible intermediate during
water splitting. ATR-FTIR of TiO; thin films under water splitting conditions is
deterred by the contribution of high absorption by liquid H,O and highly resolved
peaks could not be detected. The region from 1000-1200 cm™, which is predicted to
be related to various oxygen vibrations by DFT and experimental oxygen adsorption
on other metal oxides, shows a significant increase in intensity during UV illumination
under water splitting photo-reaction conditions. This region does not respond to UV
illumination in the absence of reactant H,O. It is concluded that the broad spectral
region is related to surface superoxo v(O-O) vibrations and several OOH or OH &(O-
H) vibrations. It cannot be determined if the OOH vibrations are related to Ti-OOH
due to the absence of the associated v(O-O) vibrations and time resolved ATR-FTIR
and DFT do not support Ti-OOH detection under relevant photo-reaction conditions.
EPR spectroscopy and DFT calculations, however, support the presence of

superoxides and OH species, respectively.
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Figure 1: Theoretical estimation of the penetration depth of the evanescent wave as a
function of the wavelength (expressed in wavenumbers) of IR light for a TiO, thin
film with various porosities on a ZnSe IRE. The pores are assumed to be filled with

water.
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Figure 2: SEM image of the TiO, thin film thickness as prepared on a glass slide.
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Figure 3: (a) Top view of the top plate of the ATR flow through cell. (b) In situ ATR

experimental setup for illumination during photocatalytic water splitting.
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Figure 4: Time profile of ATR-FTIR spectra centered around the peroxide spectral
region during HOOH adsorption on a TiO, thin film under ambient conditions using a

30% HOOH/H,0 solution. The background used was TiO, in H,0.
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Figure 5: Time profile of ATR-FTIR spectra centered around the superoxide spectral
region during HOOH adsorption on a TiO, thin film under ambient conditions using a

30% HOOH/H,0 solution. The background used was TiO, in H,0.
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Figure 6: Visible (532 nm) Raman spectra during HOOH adsorption on a TiO, thin
film under ambient conditions using (a) 1.0% and (b) 0.1% HOOH/H,O solution.
Note that the convention of plotting as function of decreasing wavenumber is adopted

for ease of comparison to the ATR-FTIR spectra.
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Figure 7: (a) Time profile 2D contour map of in situ ATR-FTIR spectra during
photocatalytic water splitting on a TiO, thin film and under dark and illuminated
conditions. (b) Peak area (1000-1200 cm™) as a function of time for the same

experiment. The background used was TiO; in H,O under dark conditions.
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Figure 8: Peak area (1000-1200 cm™) as a function of time for in situ ATR-FTIR
during photocatalytic water splitting on a TiO, thin film and under dark and
illuminated conditions (Red). The black curve is the same experiment in the absence

of H,O reactant.
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Figure 9: UV Raman spectra after 10 min of excitation using the UV laser line (325

nm) in absence of H,O and in the presence of various reactants (H,O, 10 mM

Fe**/H,0, and D,0)
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Figure 10: In situ EPR spectra of TiO, under reducing conditions (red) followed by

the introduction of 10% O,/He flow (black) at elevated temperature.
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CHAPTER 5

Structure/Composition-Photoactivity Relationships for Titinate

Nanotubes

Abstract

The following reports the successful synthesis of hydrogen titanate nanotubes (H-Ti-
NT) and TiO, (anatase) nanotubes, their thermal solid-state transformational
chemistry, clarifies some of the confusion surrounding their literature Raman
vibrational assignments, and examines the effect of nanotube composition and
structure on photoactivity. Hydrothermally prepared titanate nanotube powders with
negligible (<0.1 wt% Na, H-Ti-NT) and high (~7.0 wt% Na, Na/H-Ti-NT) Na content,
that underwent freeze-drying and thermal treatments, were prepared and characterized
with ambient and in situ Raman spectroscopy. The H-Ti-NT phase gives rise to
Raman bands at ~195, 285, 458, ~700, 830 and 926 cm™. The Raman bands above
650 cm™ were found to be sensitive to the presence of moisture, which indicates that
they are related to surface vibrational modes. The titanate nanotube Raman band at
~926 cm™ was shown not be related to a Na-O-Ti vibration, which was previously
assigned in the literature, since its intensity does not vary with Na content, which
varied by a factor of >70. The anatase H-Ti-NT phase was found to be thermally

stabilized up to 700 °C by Na that had been entrapped during synthesis. The Na-free

195



H-Ti-NT phase, however, transformed to TiO, (anatase) nanotubes upon heating
above 200 °C and the anatase phase was stable up to 700 °C, however microscope
imaging reveals that the collapse of nanotube structures to nanorods and nanowires
begins around 500 °C. The Ti-NTs were examined for their photoactivity for
decomposition of 4-chlorophenol and the splitting of H,O to H, and O,. The optimum
photoactivity was found when the initial Ti-NT titanate phase was transformed to TiO,
(anatase) corresponding to thermal treatments at 400-500 °C. The presence of Na in

the Ti-NTs was detrimental and significantly decreased the photoactivity.

1. Introduction

Hydrothermally prepared titanate nanotube (Ti-NT) powders have excellent
potential as heterogeneous catalysts,* hydrogen storage materials,®’ and secondary
batteries®™° because of their nanoscale tubular shape (outer diameter ~1 nm) and large
internal open structure (internal diameter ~0.6-0.8 nm). These characteristics are
responsible for the high surface area and large pore volume of titanate nanotubes. It
has been reported that these titanate nanotubes are easily converted into nanospherical
or rod-like particles at temperatures above 500 °C in air.** If the nanotubular shaped
titanate is thermally converted to high surface area titania without changing its
morphology, it potentially can have applications as a photo or thermal catalyst and as a
catalytic support material. Nanotubular titania has especially strong merit as a
humidity sensor or catalytic support material. The large surface area of such a

nanotubular titanate can support and disperse relatively large amounts of active
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catalytic components such as Pt, MoO3, WO3, V,0s, etc. Furthermore, the large
external and internal surfaces with planar sites of the nanotubular titanate would
facilitate uniform reaction over its surface.>*'*3

The ideal oxide support material for a stable gas sensor or heterogeneous catalyst
should not show any changes in physical properties such as shape, crystalline
structure, and surface area during thermal treatments and under realistic operating
environments. The nanotubular titanate phase changes during thermal treatments,
however, have not previously been clearly established or tracked. This lack of
uniform conclusions is a consequence of differing reports about the TiO, or titanate
phase in the as-prepared or dried powders and about the remaining content of Na in

131416 1 order to

the powder, which differed among the limited literature reports.
address these synthesis variables upon the resulting nanotubular titanate structures, the
present study employs Raman spectroscopy to investigate the crystalline phases of Ti-
NT powders prepared by hydrothermal and freeze-drying methods with negligible and
high Na contents. The freeze-drying method was employed to exclude any thermal
effects on the crystallinity that may be caused by the rapid removal of H,O or H* from
the powder and to also study the effect of water on the crystallinity of the Ti-NT
powder. The elemental Na content in the as-prepared powders was controlled by
varying the number of water-washing treatments and employing an additional ion-
exchange technique.

Raman spectroscopy is an ideal characterization method for oxide powders since it

can provide both bulk and surface molecular structural information under various
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environmental conditions.'”  Furthermore, Raman spectroscopy can also readily
discriminate between the different crystalline morphologies of TiO, (anatase, rutile,
brookite, B and Ti-NT)**# and tungsten oxide phases (bulk WO; and surface WO,

species)?*%

that are many times added as promoters to TiO; catalysts.

Since the pioneering discovery of the effect of photosensitization of TiO, electrodes
on the electrolysis of H,O into H, and O, by Fujishima and Honda in 1972,
photocatalysis by TiO, semiconductors has received much attention.?® In the
following decades photocatalytic reactions utilizing TiO, have been studied, especially
for the oxidation of organic compounds and dyes.””** An application such as photo-
oxidation of industrial solvents and other toxic chlorinated material, such as
trichloroethane?® and 4-chlorophenol,®** have obvious environmental benefits. TiO,
based catalysts have also been modified or tailored to increase photoactivity, trap
photo-generated holes, or shift the activity to the visible region of the spectrum.®*3*%’
These same photocatalytic reactions have also been studied for Ti-NT containing
catalysts of various kinds and with various modifications.*®*® Ti-NT, TiO, nanotubes,
and other nano-structured Ti-containing materials have attracted interest because they
have the intrinsic properties of high crystallinity, high surface area, and high
concentration of surface hydroxyl groups; all of which are beneficial to photocatalytic
activity. The water splitting reaction over TiO, catalysts has been greatly studied
recently due to the possibility of producing a clean, renewable source of energy in the

form of H, and Ti-NT structures have been explored as possible photocatalysts.*®*®
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Furthermore, Ti-NT can be structured into arrays which have been shown to be useful
in improving charge separation during photochemical water splitting.*®4%>!

The hydrothermal preparation method for Ti-NT nanotubes often results in a catalyst
that has a lower activity than the standard TiO, (P-25) catalyst due to Na impurities in

%852 Improvement to the activity can be made through

the “as-prepared” catalyst.
further transformation of the catalyst by removal of Na impurities and by
transformation of the catalyst with thermal treatments into a more active, crystalline
TiO, form such as anatase. These methods for improving photocatalytic activity will
be examined by detailed characterization and the resulting catalysts will be tested for

their activity in both decomposition of a chlorinated material (4-chlorphenol) and the

water splitting reaction.

2. Experimental

2.1 Ti-NT Preparation and Imaging

Commercial P-25 powder (Degussa) was used as the source of TiO, for preparation
of the Ti-NT powder. A precursor solution of P-25 and 10 M NaOH in a 304 stainless
steel autoclave was subjected to heat treatment at 130 °C for 24 hrs. The autoclave
was lined with a Ni plate to protect it from corrosion by the strongly basic NaOH
solution. After hydrothermal synthesis, the precipitated titanates were washed with
distilled water (pH = 7.0) several times. At this point, a small amount of sample was
collected and termed as Na/H-Ti-NT. The Na content of this sample was found to be

7.02 atom %. The remaining sample was treated with 0.1 N HCI solution (pH = 1.0)
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and constantly stirred for 24 hrs at room temperature. It was further washed with
distilled water at pH = 7.0 to reduce the Na content. The obtained sample was termed
as H-Ti-NT and found to contain less than 0.1 atom % of Na. The elemental Na
contents were measured with EDS (Energy Dispersive Spectroscopy) attached to a
scanning electron microscopy (SEM S-4700, Hitachi Co.). During the 24 hrs stirring
procedure, fresh aqueous HCI solution was introduced every 4 hr to ensure rapid ion
exchange of the Na ions in the titanate with H ions. The as-prepared Ti-NT powders
were obtained after complete washing by freeze-drying at -57 °C for 24 hrs in a liquid
nitrogen solution. In addition, thermo-gravimetric analysis (TGA) experiments (STA-
1500, Sinco Co.) were conducted to measure the H,O content of the dried Ti-NT
samples. Transmission electron microscopy (TEM, JEOL-2010) was employed to
image the titanate particle structures present in the sample.

2.2 Raman Spectroscopy

The Raman studies were performed with a Horiba-Jobin Yvon LabRam-IR High
Resolution instrument equipped with a visible light laser source (YAG double-diode
pumped laser, Coherent 315 m, 20 mW). The Raman spectrometer was equipped with
a confocal microscope (Olympus BX-30), notch filter (532 nm), 50X objective and a
single stage monochromator with 900 grooves/mm grating. The Raman spectral
resolution was better than 2 cm™. The laser power was kept below 0.5 mW at the
sample so as to minimize any laser-induced alterations of the sample. The scattered
light from the sample was passed through the monochromator grating and collected

with a visible sensitive LN;-cooled CCD detector (Horiba-Jobin Yvon CCD-3000V).
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The LabSpec 5 software was used to operate the experimental set up and collect the
Raman spectra. The ambient Raman spectra were collected by putting the samples on
a glass slide under ambient conditions. The in situ Raman spectra were collected in an
environmental reaction cell (Linkam T 1500). During the in situ Raman analysis, a
heating rate with 60 °C /min was maintained and 10% O,/Ar was flown through the
cell at 30 sccm. The Raman spectra were collected after maintaining 10 minutes at the
desired temperature during the temperature ramping experiments.

2.3 Photocatalytic Activity

To evaluate photocatalytic properties of the calcined powders, 0.1 g of a sample was
mixed together with 0.1 mM aqueous 4-chlorophenol (4-CP) solution. Then UV-A
light source (PowerArc UV-100, UV Process Co.) with ~400 nm of wavelength and
100 W of power was irradiated on the mixed solution for 3 hours to initiate the
photocatalytic reaction. After the reaction, the remaining organic carbon in the mixed
solution was measured using a total organic carbon (TOC) analyzer (TOC-VCPH,
Shimadzu Co.) to determine the extent of photocatalytic decomposition of 4-CP.*

The H,O splitting photocatalytic activity of the various Ti-NT catalysts was
determined with UV (wavelengths > 290 nm) irradiation using a 450 W Hg lamp. A
reaction cell made of Pyrex was employed and filled with 250 mL condensed liquid-
phase water. The reactor was connected to a glass, closed-gas circulation system.
About 200 mg of the photocatalyst was suspended in the reaction cell and stirred with

a magnetic stir bar. The air in the remaining volume of the reactor was evacuated to
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facilitate product detection. The reactor was maintained at room temperature and gas

chromatography was used to analyze H, production for 5 hours.

3. Results

3.1 Raman Spectroscopy of As-Prepared and Dried Ti-NT

The Raman spectra of the as-prepared, freeze dried H-Ti-NT and Na/H-Ti-NT
ambient powders with long nanotubular shapes, which have also been reported by
other researchers,™'! are presented in Figure 1. The Raman spectrum of the Na/H-Ti-
NT powder has the bands characteristic of the titanate phase (197, 288, 458, 710, 830
and 926 cm™)."”** The crystalline structure of Na/H-Ti-NT, however, is still uncertain
due to the coexistence of mixed orthorhombic and monoclinic crystalline phases. The
Raman spectrum of the low Na-containing H-Ti-NT powder exhibits somewhat
broader Raman bands of the titanate phase that are slightly blue shifted (193, 283, 458,
683, 830 and 926 cm™) and contains additional bands at 144 and 402 cm™ from a trace
amount of TiO, (anatase).”> The titanate Raman spectrum was compared with
reference Raman spectra (Figure S1) of different TiO, phases (anatase, rutile,
brookite, and B), and anatase was the only additional phase found to be present in the
titanate samples. The Raman spectrum of the ambient H-Ti-NT powder has a
somewhat broader band in the 600-720 cm™ range (circled area in the Figure 1) than
the Raman spectrum of the ambient Na/H-Ti-NT powder. The broadening of the

Raman bands is related to the moisture content of the H-Ti-NT powder.>*
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To further examine the effect of water content on the broadening of the Raman
bands around 700 cm™, comparisons of multiple freeze-drying cycles and drying
methods were made as shown in Figure 2. The numbers contained in Figure 2a
indicate the number of freeze-drying cycles to decrease the amount of H,O in the
powder. For example, #5 means the freeze-drying cycle was carried out 5 times and
for 24 hrs each time without raising the temperature. Referencing to the total moisture
weight loss after calcination at 1000 °C by thermo-gravimetric analysis, the total H,O
content of the H-Ti-NT powder decreased from 44 to 12 wt% with these multiple
freeze-drying cycles. The H,O content dropped from 44 wt% to 10 and 8.6 wt% for
convection drying and vacuum drying at 105 °C, respectively. With decreasing H,O
content in the powder, the broad Raman band around 700 cm™ becomes narrower with
freeze-drying (Figure 2a) and further sharpens with the more efficient drying at 105
°C (Figure 2b).

3.2 In Situ Raman Spectroscopy during Thermal Treatment of Ti-NT

In situ Raman measurements were conducted between 100-550 °C in an oxidizing
atmosphere to monitor the thermal behavior of the H-Ti-NT and Na/H-Ti-NT powders
and the corresponding spectra are presented in Figures 3a and 3b, respectively. Up to
350 °C for H-Ti-NT (Figure 3a), the initially broad band at 600~720 cm™ sharpens
and splits into two bands corresponding to the titanate phase at 710 cm™ and to the
anatase phase at 641 cm™. At 550 °C the H-Ti-NT has completely transformed into
the anatase phase as indicated by the band at 632 cm™ and the complete absence of the

710 cm™ band. In contrast, the Raman bands of the Na/H-Ti-NT powder contain

203



almost the same intensity up to 200 °C, though they are slightly decreased at higher
temperatures due to thermal broadening and also become blue shifted due temperature
effects (Figure 3b). However, the Na/H-Ti-NT phase does not transform to TiO,
(anatase) at or below 550 °C and a new minor band appears at ~117 cm™ that is
reminiscent of Na,Tiz07.%

The morphology of the titanate particles during thermal treatments was imaged with
transmission electron microscopy (TEM, JEOL-1010). The TEM image of the anatase
Ti-NT powder obtained after calcination at 400 °C for 30 minutes is shown in Figure
4. The image shows that the powder still largely consists of a long nanotube shape
that is unaffected by calcination at 400 °C, though some nanorods or nanowires may
also be present. The image was also used to estimate the inner and outer diameters of
the nanotubes at ~1 and ~0.75 nm, respectively, with an estimated error of 10-20%.

The Raman spectra of the ambient H-Ti-NT and Na/H-Ti-NT titanate powders after
calcination at 700 °C for 3 hrs in air are presented in Figure 5. These Raman spectra
show sharp bands at 138, 191, 393, 513, 638 and 796 cm™ corresponding to the TiO,
(anatase) phase crystals of micron-sized particles and only traces of the TiO, (rutile)
phase, weak bands at 450 and 614 cm™. The anatase and rutile phases are marked A
and R, respectively, in Figure 5. The complete absence of TiO, (rutile) during
calcination of H-Ti-NT below 700 °C for 3 hrs indicates that the TiO, (anatase)
nanostructures are thermally stable as anatase below 700 °C. The nanostructures at
this temperature, however, likely consist of a mixture of nanotubes, -rods, -wires, and

completely collapsed particles (see Figure S5).
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The Raman spectrum of the Na/H-Ti-NT powder after calcination at 700 °C contains
bands that are characteristic of multiple titanate phases. Qamar et al. previously
reported that the titanate nanotube particles with almost the same Na content as that of
Na/H-Ti-NT in the present study changed into nano-spherical or -rod shaped particles
at high temperatures above 500 °C in air with corresponding Raman bands of TiO,
(anatase), Na,TizO7, Na,TigO13, etc.* Comparison of the current Raman spectrum of
Na/H-Ti-NT calcined to 700 °C with those reported by Horvth et al.,>® Papp et al.*®
and Mao et al.>’ suggests that the Raman bands of the calcined Na/H-Ti-NT powder in
Figure 5 corresponds to Na,TisO; and Na,TigO13, but the bands are slightly shifted.
Thus, calcination of Na/H-Ti-NT at 700 °C results in a mixture of H-Ti-NT, Na,Ti30,
Na,TigO13 and a small amount of TiO, (anatase) and calcination of H-Ti-NT with
negligible Na at the same temperature yields the TiO, (anatase) phase with a trace of
TiO; (rutile).

Raman spectroscopy was used to probe for the presence of surface Na in titinate
nanotubes by examining the effect of Na on the vibrations of dehydrated supported
WOg/titanates. The surface W=0O vibration is extremely sensitive to the presence of
surface alkali, thus, the Raman spectrum of the dehydrated Ti-NTs can indicate if
surface Na is present.”®>*® The mono-oxo surface O=WO, species vibrate at ~1010-
1020 cm™ and the presence of surface alkali can shift the W=0 band to ~900-950 cm™
under dehydrated conditions by complexing with the surface tungstate species.’®*°
The in situ Raman spectra of the supported ~12% WOg3/titanate powders were taken at

700 °C, as shown in Figure S4, and neither samples possesses a strong Raman band at
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~805 cm™ characteristic of crystalline WOz NPs.?° The supported WOs/Na/H-Ti-NT
sample exhibits W=0 Raman bands at 905 and 922 cm™ reflecting the presence of
surface Na complexing with the surface WOy species. The supported WO3/H-Ti-NT
sample, however, contains the W=0 vibration at 1009 cm™ consistent with the almost
complete absence of surface Na in this nanotubular titanate powder.>®%%®
Furthermore, a sample with ~0.10-0.15 atom % Na resulted in a shift of the W=0
Raman band to ~950 cm™ (not shown for brevity) Thus, the H-Ti-NT titanate powder
prepared in this investigation is almost completely free of surface Na.

3.3 Photocatalytic Activity of Ti-NT Samples

The photocatalytic decomposition of 4-chlorophenol (4-CP) over H-Ti-NT samples
with various thermal treatments is shown in Figure 6.3 For reference, the reaction
was run with no catalyst and negligible decomposition was detected. The as-prepared
H-Ti-NT sample showed the lowest percentage of decomposition of 4-CP. TiO,
powder (P-25) exhibited a moderate amount of decomposition at ~20%. Thermal
treatment of the H-Ti-NT sample in air was performed to transform the H-Ti-NT to
the anatase crystalline phase of the samples while maintaining the high surface area
intrinsic to the Ti-NT structure. Treatment at 400 °C for 2h yielded the best results,
with ~55% decomposition of 4-CP. While 500 °C obtained a sample that was a slight
improvement over P-25, the higher calcination temperature decreased the H-Ti-NT
photoactivity. An initial thermal treatment at 400 °C followed by a thermal treatment

at 500 °C resulted in slightly better (~27% decomposition) relative to the straight 500
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°C thermal treatment, but the photoactivity was still significantly lower than the 400
°C treatment.

The Ti-NTs were also examined for the production of H;, during the photocatalytic
splitting of H,O and the activity results are summarized in Table 1. The as-prepared
low Na-content H-Ti-NT (0.12% Na) produced 11.0 umol of H, over the 5h reaction
time. If the sodium content remains high as in the Na/H-Ti-NT sample (7.02% Na),
the effect is detrimental to the water splitting activity and production drops to 5.3
umol of H, over the same period. Thermal treatment at 500 °C in air is used to obtain
nanotubes with an increased content of TiO, (anatase) and the result is a much
improved water splitting catalyst with H, production of 28.7 umol. However, the low
Na-content and increased TiO, (anatase) content are not sufficient to create a water
splitting catalyst superior to the bulk TiO; (P-25) powder that produces 69.0 pmol of
H, over the same 5h period and may be related to the collapse of some of the nanotube

structures to nanorods or nanowires.

4. Discussion

4.1 Raman Spectroscopy of As-Prepared and Dried Ti-NT

In the present study, the nanotubular H-Ti-NT powder was successfully synthesized
with only a trace of TiO, (anatase) and negligible Na content (see Figure 1). The
relative Raman cross-sections of the Ti-NT and TiO, (anatase) phases were semi-
quantitatively determined from a series of physical mixtures of the two crystalline

phases (see supplemental Figures S2 and S3), and a rough estimate of the amount of
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the TiO, (anatase) suggests that ~1.0 wt% TiO, (anatase) is present in the H-Ti-NT
powder. Kasuga et al. reported the preparation of TiO, (anatase) nanotube powder
from continuous washing and ion-exchange using an aqueous HNOj3 solution. The
SEM and TEM images of the final powder prepared by Kasuga et al. contained short
or disrupted nanotube shapes and the corresponding Raman spectrum was dominated
by vibrations from the TiO, (anatase) phase with only weak titanate bands at ~280 and
700 cm™.%2% From analysis of the Raman spectra of the physical mixtures of Ti-NT
and TiO; (anatase) in Figures S2 and S3, it is estimated that powders in the Kasuga et
al. study contained ~40 wt% TiO, (anatase). It was also observed in the present study
that after extensive washing and ion-exchange treatments that the original Ti-NT
micron long nanotubes changed into very short tubes with strong TiO, (anatase)
Raman bands. Thus, with extensive washing a significant portion of the titanate phase
transforms into the TiO, (anatase) phase with concomitant destruction of the
nanotubular shape and almost complete removal of Na.

Several of the H-Ti-NT Raman bands were found to be sensitive to moisture
suggesting that they may be related to surface vibrational modes since only the
vibrations of surface states respond to moisture content.>*** The Raman band for the
H-Ti-NT titanate at ~700 cm™ sharpens and shifts from ~683 to ~710 cm™ upon
dehydration suggesting that this band is a surface vibrational mode. Similarly, the
weaker bands at ~830 and ~926 cm™ may also be related to surface vibrational modes.
The other major Raman bands below 600 cm™, however, are not sensitive to the

moisture content implying that they are associated with bulk vibrational modes.>*%*
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4.2 Effect of Na Content on Raman Spectra of Ti-NT

The as-prepared H-Ti-NT samples were estimated to contain ~1% TiO; (anatase),
while the Na/H-Ti-NT does not contain even a trace of anatase Raman bands (see
Figure 1). The absence of TiO; (anatase) in the NA/Ti-NT nanotubes is consistent
with the observation that the relative intensity of the small TiO; (anatase) Raman band
increased as the Na content was decreased during the intermediate ion-exchange
stages in the preparation of H-Ti-NT (not shown). The current observation is in
agreement with similar observations previously reported by Kasuga et al.**®

The Raman spectra of ambient Na/H-Ti-NT and H-Ti-NT titanates exhibit a small
band at 926 cm™ (see Figures 1 and 2) that was previously assigned to bridging Na-O-
Ti bonds formed by surface Na on the titanate particles.***>®>*” Note that this broad
Raman band sharpens upon dehydration (see Figures 2a and 2b). The comparable
intensity of this Raman band for the Na/H-Ti-NT and H-Ti-NT titanates, with the
former containing >70 times more Na than the latter, strongly suggests that this band
the 926 cm™ band is not related to the bridging Na-O-Ti vibrations and that the ~926
cm’ titanate Raman band may be related to an overtone of the 453-458 cm™ band.

With regards to TiO, (anatase) formation, Figure 3a shows that at 550 °C, the H-Ti-
NT phase completely transforms to the anatase phase (632 cm™). TiO, (anatase)
begins to form by 350 °C which is indicated by the splitting of the broad band into two
peaks at 641 and 710 cm™. In contrast, the titanate Raman bands of the Na/H-Ti-NT
powder exhibit nearly the same intensity up to 200 °C. A slight decrease and blue

shift in the titanate bands at higher temperatures can be observed due to thermal
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broadening and due temperature effects, respectively. However, the Na/H-Ti-NT
phase does not transform to TiO, (anatase) below 550 °C and a new minor band
appears at ~117 cm™ that is reminiscent of Na,TizO07.> These comparative thermal
studies clearly demonstrate that Na stabilizes the H-Ti-NT titanate phase at elevated
temperatures and that in the absence of Na the H-Ti-NT phase transforms to TiO;
(anatase).

It is possible that nanorods and nanowires exist in the thermally treated samples
without significant Na content. Temperature, phase transitions, and moisture can
cause the collapse of nanotubes into these other structures. Figure S5 shows STEM
high angle annular dark field (HAADF) images of H-Ti-NT (low Na) that has been
impregnated with WOy species and calcined at 550 °C. Analysis of the images shows
that while the nanotubular structure is still preserved in some cases (Figure S5a), the
collapse of nanotubes to nanowires can also be observed (Figure S5b).

4.3 Structure-Activity Relationships for Photocatalytic Reactions Over Ti-NT

Combining the structural characterization information (Raman spectroscopy and
TEM) with photoactivity data allows for establishing fundamental structure-activity
relationships for the photocatalytic reactions examined over the Ti-NT nanotubes. For
the photocatalytic decomposition of 4-CP, the relative activities of the catalysts were
found to be H-Ti-NT (400 °C) >> H-Ti-NT (400+500 °C) > H-Ti-NT (500 °C) >> H-
Ti-NT (as-prepared). The strong influence of calcination temperature upon the
photocatalytic performance is directly a consequence of the Ti-NT structural changes.

The poor performance of the as-prepared H-Ti-NT is related to the greater degree of
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disorder present for the titanate phase relative to the more crystalline TiO, (anatase)
phase that is readily detectable in by its sharp Raman bands. The high photoactivity of
the thermally treated H-Ti-NT nanotubes are ascribed to the more ordered TiO;
(anatase) phase crystalline NT formed during thermal treatments since increased
crystallinity of a material provides fewer defects to act as sites for the recombination
of electron (e") and holes (h*) generated during excitation and, thus, these e’/h* pairs

are made more readily available to photocatalytic reactions.***°

This explains the
increased activity for decomposition of 4-CP for the catalyst treated at 400 °C over the
as-prepared H-Ti-NT, which had the lowest activity. Further thermal treatments at
500 °C and above, even if they are performed incrementally (400 + 500 °C), start to
cause the collapse of the H-Ti-NT nanotube structure as shown by the STEM-HAADF
in Figure S5 and the current observation is supported by the literature.* The smaller
surface area of these structures, despite the TiO, (anatase) crystallinity, is the reason
why they exhibit a reduced photoactivity for 4-CP decomposition that closely matches
that of P-25.

Similar trends can be seen for H, production during photocatalytic water splitting
over the H-Ti-NT catalysts. The thermal treatment at 500 °C enhanced the
photoactivity for H, production relative to the as prepared H-Ti-NT titanate phase.
Although a 400 °C thermally activated H-Ti-NT was not examined for water splitting,
it should have generated twice as much H, as the H-Ti-NT (500 °C) photocatalyst

because of the partial decomposition of the TiO, nanotubes with the higher thermal

treatment. Sodium ions are a known poison to photocatalytic activity as they have
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been attributed to the increase in recombination centers for electron and hole pairs,
preventing the participation of such excitons in the photocatalytic process.?***% The
presence of significant Na in the as prepared Na-Ti-NT reduced the photoactivity for
H, production, reflecting this poisoning effect. Furthermore, the inability of the Na-
Ti-NT titanate nanotubes to be thermally activated by conversion to the crystalline
TiO, (anatase) nanotubes suggests that alkali-containing Ti-NTs cannot be thermally
activated as the H-Ti-NT nanotubes.

The relative photoactivity of the H-Ti-NT nanotubes differed somewhat relative to
that of TiO, (P-25) depending on the specific photocatalytic reaction. While the H-Ti-
NT(500 °C) was slightly more active than the TiO; (anatase) for photodecomposition
of 4-CP it was less active than TiO, (P-25) for splitting of water. These slight
photoactivity differences may reflect the different requirements of dissimilar
photoreactions or possibly reflect the sensitivity of the H-Ti-NT to minor synthesis
conditions.

A DFT study by Valdés et al. showed that the calculated that the active site for water
oxidation is a coordinatively unsaturated site on the TiO; surface and the breaking of
the Ti-O-Ti bond, though a possible route, is energetically unfavorable.*® The TEM in
Figure 4 revealed that the H-Ti-NT structures have a wall thickness of ~1-2 nm and
surfaces of this thickness contain a greater percentage of Ti-O-Ti bonds rather than
bulk TiO, surfaces. Therefore, the lower number of surface coordinatively
unsaturated surface sites may be another reason for the lower water splitting activity of

thermally treated H-Ti-NT compared to TiO; (P-25) powder.
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5. Conclusions

Hydrothermally prepared titanate nanotube powders with negligible and high Na
content were prepared and characterized with Raman spectroscopy as a function of
synthesis procedures and thermal treatments. The structural characterization was then
used to explain photocatalytic activity in the samples. The as-prepared nanotube
powders primarily consist of the H-Ti-NT phase (Raman bands at ~195, 285, 458,
~700, 830 and 926 cm™). Moisture was found to broaden the Raman bands at ~700,
830 and 926 cm™ suggesting that they are related to surface vibrational modes. The
titanate Raman band at 926 cm™, which was previously assigned in the literature as
originating from Na-O-Ti vibrations, is present in both titanate samples, where the Na
content varies by a factor of > 70, revealing that this band is not related to a Na-O-Ti
vibration. The Na-containing titanate powder is thermally stabilized by Na and
decomposes at 700 °C to multiple titania phases (H-Ti-NT, Na,Ti3O7, Na,TigO13 and a
small amount of TiO, (anatase)). The H-Ti-NT phase with negligible Na, however,
readily transforms to TiO, (anatase) nanotubes upon calcination between 200-700 °C.
Thus, the above reports on the successful synthesis of Na/H-Ti-NT and H-Ti-NT
nanotubes and clarifies some of their Raman assignments and their thermal solid-state
chemistry.

Photocatalytic decomposition of 4-chlorophenol and photocatalytic water splitting
on the as-prepared H-Ti-NT samples showed that thermal treatment to increase the
TiO, (anatase) content was beneficial in both reactions. At 500 °C, the nanotubes

begin to collapse to nanorods or nanowires, and this proved detrimental to the Ti-NT
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activity for water splitting as there was no improvement over bulk TiO; activity. The
activity of the decomposition of 4-CP, however, was not deterred by the collapse of
the nanotube structure, reflecting the possible different requirements of high activity
for dissimilar photoreactions. The poisoning effect of residual Na impurities was
observed for water splitting as the Na/H-Ti-NT catalyst exhibited a decreased
production of H, product. Furthermore, the inability of Na/H-Ti-NT to form TiO,
(anatase) nanotubes was concluded to be a negative structural aspect when attempting
to transform as-prepared nanotubes into photocatalytically more active forms of

crystalline TiO,, namely TiO, (anatase).
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Table 1: H, production over 5h during photocatalytic water splitting for Ti-NT
catalysts with various pretreatment conditions. A TiO; (P-25) catalyst is also shown

for comparison.

Catalyst Pretreatment H, Produced (umol/5h)
H-Ti-NT (0.12% Na) As-Prepared 11.0
Na/H-Ti-NT As-Prepared 5.3
H-Ti-NT Calcined 500 °C in Air 31.9
TiO, (P-25) None 69.0
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Figure 1 Raman spectra of the as-prepared titanate powders with negligible Na

content (H-Ti-NT) and with 7.02 at% Na content (Na/H-Ti-NT) under ambient

conditions.
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Figure 2 Raman spectra of the titanate powders with negligible Na content (H-Ti-NT)
freeze-dried multiple times (a) and of the powders with various drying methods (b)

under ambient conditions.

(a) Freeze Drying using LN ,

Intensity (a.u.)

600 700 800 900
Raman Shift (cm™)

b 2 Vacuum Drying at 105°C
(b) A rying

Convection Oven Drying
at105°C

Intensity (a.u.)

" Freeze Drying #5

700 800 900
Raman Shift (cm'1)

600

227



Figure 3 In situ Raman spectra of the titanate powders (a) with negligible Na content
(H-Ti-NT) and (b) with 7.02 atom % Na content (Na/H-Ti-NT) taken at temperatures

of 100 °C to 550 °C with a flowing 10% O/Ar (30 sccm).
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Figure 4 TEM image for the H-Ti-NT powder after heat treatment at 400 °C for 30

minutes in air.
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Figure 5 Raman spectra of the titanate powders with negligible Na content (H-Ti-NT)
and with 7.02 at% Na content (Na/H-Ti-NT) under ambient conditions after calcining

at 700 °C for 3 hrs in air. (A: anatase phase, R: rutile phase)
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Figure 6: Photocatalytic decomposition of 4-chlorophenol over Ti-NT catalysts after
various pretreatment procedures. A pure TiO, (P-25) sample was also run for

comparison.*
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Chapter 5

Supporting Information

The initial analysis of the as-prepared H-Ti-NT was accomplished by comparison to
reference Raman spectra of the various TiO, phases: anatase, rutile, brookite, and TiO,
(B). Figure S1 shows these spectra normalized to the same scale alongside the as-
prepared H-Ti-NT spectrum. As indicated in the manuscript, the main spectral features
present in the H-Ti-NT are those identified in the literature as indicative of titanate
species. The dashed lines in Figure S1 label the major features of the H-Ti-NT
spectrum and indicate that there is a trace amount of anatase present corresponding to
the presence of the vibration at 144 cm™. This band is further analyzed semi-
quantitatively below. There also appears to be a slight rutile contribution to the
spectrum, however, analysis of the relative intensity of the rutile spectral features
indicates that a band at ~614 cm™ should also be present in the case of rutile. The
broad band at ~600—-720 cm™ could be misconstrued as this rutile contribution, but the
later drying treatments shown in Figure 2 of the manuscript show that this peaks
sharpens with the removal of water and is indeed a titanate vibration. Finally, it is
clear that the brookite and TiO, (B) phases are absent since their most intense Raman
peaks at ~156 cm™ and ~122 cm™, respectively, do not contribute to the H-Ti-NT
spectrum.

In order to semi-quantitatively estimate the amount of TiO, (anatase) present in the

titanate nanotubes, physical mixtures of TiO, (anatase) and Na/H-Ti-NT nanotube
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powders were prepared. The pure TiO, (anatase) powder was obtained by thermally
transforming H-Ti-NT, with negligible Na, by calcination in air at 700 °C for 3 hrs to
form the TiO, (anatase) nanotubes. The resulting TiO, (anatase) nanotube powder
only contained a trace of TiO, (rutile) as shown in Figure 4. The physical mixtures
were combined with ethanol dried in a convection oven at 105 °C for 2 hrs. Raman
spectra of the ambient physical mixtures are shown in Figure S2 and S3. As can be
seen in Figure S2, the TiO; (anatase) phase has a much stronger Raman cross-section
than the TiO; (titanate) phase. Furthermore, only the TiO, (anatase) Raman bands are
present at 50 wt% TiO, (anatase) and higher contents. Below 50 wt% TiO, (anatase),
it is possible to estimate the amount of TiO, (anatase) present in the H-Ti-NT titanate
by comparing the Raman bands of the titanate (288 cm™) and anatase (138 cm™).
Comparison of the Raman spectrum of the 1.6 wt% TiO; (anatase) + 98.4% Na/H-Ti-
NT physical mixture with the Raman spectrum of the as prepared H-Ti-NT titanate
nanotube suggests that the TiO, (anatase) content in the H-Ti-NT titanate powder is
slightly less than 1.0 wt%.

The in situ Raman spectra of the supported WOg/titanate catalyst powders with 7.0
atom% Na content (Na/H-Ti-NT) and with negligible Na content (H-Ti-NT) taken
after maintaining for 10 minutes at 700 °C with flowing 10% O,/Ar (30 sccm) are
presented in Figure S4. The H-Ti-NT and Na/H-Ti-NT nanotube powders were used
as support materials to prepare the supported 12 wt% WOg3/Ti-NT samples by
incipient wetness impregnation of aqueous ammonium meta-tungstate (Pfaltz and

Bauer). The amount of tungsten oxide was estimated based on monolayer surface
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coverage of the surface WO species on the Ti-NT supports by assuming that the Ti-
NT materials did not undergo significant loss in surface area upon calcination. The
supported WO3/Ti-NT catalyst samples were then dried at 105 °C for 24 hrs. Their in
situ Raman spectra were collected under flowing 30 sccm of 10% O,/Ar and a heating
rate of 60 °C/min and holding the temperature at 700 °C for 10 minutes. The resulting

Raman spectra of the supported WO3/Ti-NT samples are shown in the 750-1050 cm™

range. The supported WOs/H-Ti-NT catalyst exhibits one Raman band at 1009 cm™
and the supported WO3/Na/H-Ti-NT catalyst possess two broad bands at ~905 and

922 cm™.
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Figure S1. Reference Raman spectra for different TiO, phases compared to the
Raman Spectrum of as-prepared H-Ti-NT powder. Dashed lines indicate major Raman

bands present for the H-Ti-NT spectrum.
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Figure S2. Ambient Raman spectra of physically mixed H-Ti-NT powders and TiO,

powders as a function of different weight ratios.
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Figure S3. Phase intensities (%) of anatase TiO, phase at 138 cm™ and H-Ti-NT

phase at 288 cm™ estimated from the ambient Raman spectra presented in Figure S1.
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Figure S4. In-situ Raman spectra for ammonium metatungstate supported on Na/H-

Ti-NT and H-Ti-NT powders obtained during calcination at 700 °C in presence of

10% O, /Ar.
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Figure S5: STEM-HAADF images of 11.2% WOy impregnated on H-Ti-NT (0.12%
Na) and calcined at 550 °C showing both nanotube structure (a) and nanowire
structures (b). For the nanotube structure in (a) the yellow lines indicate the outer wall

and the red lines indicate the inner wall.
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CHAPTER 6

Conclusions and Future Outlook

1. Conclusions

The inefficient use of light or solar energy by heterogeneous photocatalysts during
potentially useful reactions such as production of H, fuel by photocatalytic water
splitting has prompted researchers to examine the relationships between the
fundamental structural (physical and electronic) properties of photocatalytic
semiconductor materials and their photoactivity. The ability create well-defined TiO
nanodomains with known physical and electronic structures by supporting varying
amounts of titania on a silica support has inspired the current study to use model
photocatalysts of this kind as a basis for determining structure-photoactivity
relationships. The photoactivity for water splitting and cyclohexane photo-oxidation
was determined using reactor studies to monitor the production of H, and
cyclohexanone, respectively. Spectroscopic investigations were carried out using
photoluminescence (PL), attenuated total reflectance (ATR) Fourier transform infrared
FTIR, and Raman spectroscopies. Although it is related to the bulk semiconductor
property of edge energy, PL spectroscopy is indirectly related to the surface reaction
because it yields information on the generation and recombination of excitons utilized
by the surface reaction. In several cases ATR-FTIR and Raman spectroscopy gave

further insight into the role of adsorbed intermediates in the resulting structure-
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photoactivity relationship. The main conclusions of each chapter containing the
research performed for this dissertation are summarized below.

Chapter 2

An investigation into the existence of a structure-photoactivity relationship for
photocatalytic water splitting on well-defined TiO, nanodomains was performed. The
trend in H, specific activity (umol Hy/exposed Ti site/h) for the nanodomains
proceeded as: pure TiO, (anatase) (24 nm) > TiO, (anatase) nanoparticles (NPs) (4-11
nm) > polymeric TiOs (~1 nm) > isolated TiO4 (~0.4 nm). Thus, this trend defined a
structure-photoactivity relationship for water splitting on TiO4 nanodomains related to
increased domain size and crystalline quality. High temporal resolution, transient PL
spectroscopy measurements revealed that the contribution of slow recombination
kinetics was also a function of increasing TiOx nanodomain size. The generation of
excitons with slow recombination kinetics reflects the ability of larger bulk structure
of TiO, (anatase) NPs to act as a reservoir for these excitons, providing a greater
opportunity for exciton migration to surface active sites prior to recombination. The
SiO;, support appears to play a role in trapping excitons at inactive sites and provides
an explanation for the low specific photoactivity of supported TiO, (anatase) NPs (11
nm) compared to unsupported TiO, NPs (24 nm). The SiO; support as well as the
relative high concentration of inactive Ti-O-Ti sites on isolated TiO4 and polymeric
TiOs domains explains their low specific photoactivity.

Chapter 3
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The structure-photoactivity relationship found for cyclohexane photo-oxidation on
supported TiOx nanodomains also showed increasing specific photoactivity for
cyclohexanone production with larger nanodomain structure. The transient PL
spectroscopy measurements from Chapter 2 were also applied to the specific activity
data and the large bulk structure of TiO, (anatase) NPs similarly contribute excitons
with slow recombination dynamics with a greater opportunity to participate in surface
catalytic reactions. ATR-FTIR spectroscopy detected the formation of adsorbed and
bulk liquid phase product cyclohexanone and confirmed the trend of the structure-
photoactivity relationship. The obtained spectra also showed that the unsupported
TiO, (anatase) NPs exhibit better desorption characteristics than supported TiO;
(anatase) NPs. The decreased desorption characteristics of the smaller supported TiOy
nanodomains can be explained by a decreas in crystalline quality or the trapping of
excitons at inactive SiO, support sites.

Chapter 4

ATR-FTIR and Raman spectroscopy were employed to identify the intermediates
formed during photocatalytic water splitting. HOOH adsorption on TiO; thin films
was employed to identify the vibrations of relevant adsorbed species. Peroxo (Ti-
OOH) and superoxo (Ti-OO) were detected using ATR-FTIR, but Raman
spectroscopy was inactive for adsorbed species and only detected unbound, aqueous
HOOH. ATR-FTIR at the water/TiO, thin film interface is deterred by the extremely
high absorption of IR wavelengths by H,O. It was not possible to resolve peaks in the

peroxo or superoxo spectral regions, however the peak area from 1000-1200 cm™ was
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found to increase in relation to UV illumination. This region does not respond to
illumination in the absence of H,O. It was concluded that the broad spectral region is
related to surface superoxo v(O-O) vibrations and several OH and OOH 6(0O-H)
vibrations. EPR spectroscopy showed that superoxides readily form at defects sites
that are generated by UV illumination and DFT studies have shown that the Ti-OOH
species is not a part of the rate-determining-step, so it should be extremely difficult to
detect with spectroscopic methods. It is not possible to conclude with certainty that
the peaks observed in the current study indicate that superoxides are the reactive
intermediate associated with the rate-determining-step, but the increase in the spectral
range associated with superoxide, OH, and OOH vibrations is supported by EPR and
DFT.

Chapter 5

Hydrothermally prepared titanate nanotubes with negligible and high Na content
were prepared and characterized with Raman spectroscopy as a function of thermal
treatments that were employed to induce phase transformation and form TiO,
(anatase) nanotubes. It was shown that Na is a detriment to increasing photocatalytic
activity because it acts as a poison and stabilizes the titanate structure, preventing the
transformation to the higher crystalline quality phase with higher photoactivity.
Removal of the Na impurities was accomplished and TiO, (anatase) nanotubes were
formed at < 400 °C. The increased surface area of TiO, (anatase) nanotubes over NPs
was beneficial in to the photo-decomposition of 4-chlorophenol. The nanotube

structure, however, was not as stable and TiO, nanowire formation was observed.
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This affected the photoactivity of H, production during water splitting, and the larger
bulk structure of TiO, (anatase) NPs remained the more active photocatalyst.

General Conclusions

It has now been shown in for two separate photo-reaction, water splitting (Chapter
2) and cyclohexane photo-oxidation (Chapter 3), that the increasing bulk structure of
TiO, (anatase) NPs and is responsible for structure-photoactivity relationships in each
reaction. Both photo-reactions also support the conclusion that the bulk acts as a
reservoir of excitons with slow recombination dynamics that are more likely to
participate in the surface reactions. The ATR-FTIR results of the cyclohexane photo-
oxidation study indicate that the supported TiO, (anatase) NPs have decreased
desorption characteristics compared to unsupported TiO, (anatase) NPs. When PL
spectroscopy measurements are considered with respect to the necessity of holes for
desorption to take place, the lack of excitons with slow recombination kinetics would
be the cause of the decrease in desorption. If the water splitting reaction is also
desorption limited, this explanation would also apply for that reaction. The SiO,
support is inactive for both reactions, yet it exhibits clear PL intensity, so it is inferred
that is contains trap states that are inactive and a detriment to photoactivity in both
reactions. The structure-activity relationship for photocatalysis on TiOx domains was
also found to be useful in explaining the photoactivity of titanate and TiO, (anatase)
nanotubes, suggesting that the relationship is general for photocatalysis. Therefore,

this structure-photoactivity relationship should be seriously considered when
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attempting future rational design of new and novel photocatalysts for improved

photoactivity.

2. Future Outlook

The most difficult area of research in this dissertation was the attempted
identification of relevant adsorbed intermediates during photocatalytic water splitting.
The extreme absorption of IR wavelengths by H,O, the reactant liquid for this
reaction, makes in situ ATR-FTIR spectroscopy a true challenge. The typical ATR-
FTIR spectrum of H,O on a ZnSe internal reflection element (IRE) in Figure 1 makes
the problematic nature of IR absorption by H,O readily apparent. Although the
deposition of thin films of a thickness equal to the penetration depth works well in
situations where the relevant intermediates do not overlap with the characteristic
vibrations of H,0," in practice the catalyst coating must be thicker than theoretically
predicated.? In the case of water splitting on TiO,, however, even the application of
thicker films failed to provide highly resolved spectroscopic evidence for relevant
adsorbed species. The work of Nakamura et al. is a well documented instance of the
identification of the possible peroxo intermediate Ti-OOH, but the use of Fe** solution
(from FeCls) during their study calls in to question the relevance of the intermediate
under the desirable conditions of water splitting, i.e. pure, clean H,0.® Furthermore,
the density functional theory (DFT) study by Valdés et al. concludes that peroxo
species should be difficult to observe experimentally since its conversation does not

represent the rate-determining-step.* Their predication of the rate-determining-step is
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the dissociation of water into surface adsorbed OH and H" and an electron (g),
therefore making all subsequent intermediates difficult to observe spectroscopically.
Given an adsorbed OH is so closely related to the characteristic bands of H,O, the
difficulty of identifying an intermediate of this nature becomes further increased.
There are several possible routes for improving the experimental design of ATR-
FTIR measurement of water splitting intermediates under real photocatalytic reaction
conditions. The first requires greater control of the TiO, film thickness and porosity.
The contribution of unbound, liquid H,O to the resulting ATR-FTIR spectrum must be
kept to an absolute minimum. Continual increase of the thickness of film will work to
an extent, but if the thickness becomes too great, the evanescent wave will no longer
penetrate to the H,O/catalyst interface and no meaningful data will be collected.
Therefore, it is also necessary to accurately calculate the effective refractive index of
the thin film, which requires exact knowledge of the porosity and prevention of defect
formation such as cracking during deposition. Second, the effect of wavelength of the
IR light should also be considered. The peroxo v(O-O) stretching vibration spectral
region around 800-900 cm™ begins to experience a rapid increase in penetration depth.
It is suggested that the thin film be tailored to maximize its benefits around this region
or any region of interest to improve measurement of the specific vibrations. Finally,
careful design of experiments utilizing isotopically labeled water (D,O or H,*0) or
80 exchange of surface hydroxyls on the TiO, surface prior to reaction could be a

means to shift relevant intermediate vibrations away from H,O absorption regions.
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Another means of elucidating information on intermediates formed during water
splitting could be achieved by increasing the temporal resolution of ATR-FTIR
spectrum collection. Because intermediates like Ti-OOH are theorized to be short-
lived, evidence of their existence may come from transient experiments where a pulse
of excitation light is used to initiate reaction followed by ATR-FTIR detection at a
rapid speed, similar to the photoluminescence decay study in Chapter 2. The ability of
FTIR spectrometers to accomplish high temporal resolution collection has been
significantly improved using techniques called rapid-scan and step-scan, which can
collect spectra on the order of milliseconds and nanoseconds, respectively.® The
nanosecond time-scale of the step-scan technique is particularly attractive given the
characteristic times of electron-involving steps of the photocatalytic process. The
technique, however, requires the reaction to be performed multiple times to generate a
full spectrum, thus necessitating a highly reproducible experiment which is likely
difficult for the water splitting given the above issues for the ATR-FTIR thin film
technique. Nonetheless, the technique has been utilized successfully for other reaction
systems® and coupled with ATR-FTIR.” Sivasankar et al. recently showed that rapid-
scan and ATR-FTIR could be combined to detect an OOH intermediate during water
photo-oxidation on a iridium nanocluster catalyst on the time scale of 610 ms.® These
techniques, therefore, should be further investigated for use during water splitting.

The relatively low activity of TiO, for photocatalytic splitting of H,O should also be
considered. Presumable a more active catalyst will yield a greater concentration of

surface adsorbed intermediates, leading to a more facile spectroscopic measurement.
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There exist a great number of oxide semiconductor materials with a higher activity of
H, production during water splitting and a few of these materials are compiled in
Table 1.7 If the thin film ATR-FTIR spectroscopy technique were applied to the most
active water splitting catalysts, it is possible that chances of identifying the relevant
reactive intermediates would increase.

It is also suggested that these novel, more efficient catalysts be subjected to the
rigors of determining structure photo-activity relationships and this requires more
characterization studies on these novel water splitting materials. The structure-
photoactivity relationship found for TiOx nanodomains for water splitting and
cyclohexane photo-oxidation suggests that the bulk structure found in large domains
contributes significantly to improving activity. Thus, it is no surprise that the best
oxide materials discovered to date are low surface area, bulk oxides. It would be of
interest to understand how the multiple oxide components of such complex bulk,
mixed-metal oxide catalysts contribute to the individual steps of the photocatalytic
process. From the conclusions of this dissertation, it is hypothesized that certain
materials will play a role in acting as a reservoir for excitons with slow recombination
dynamics, while materials found at the surface or surface modifications must increase
the concentration of active hydroxyls or exhibit improved desorption characteristics.

The determination of structure-activity relationships by coupling quantitative
structural properties with activity data is a fundamental goal in traditional
heterogeneous catalysis.’® The research in this dissertation extended that ideology to

heterogeneous photocatalysis, yet much remains to be understood. Despite the
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emergence of structure-photoactivity relationships in the literature,**?

the efficiency
of heterogeneous photocatalytic reactions remains well below what is considered
commercially viable. Additionally, if photocatalytic reactions are to be driven by
renewable solar energy, their efficiency is further reduced due to the inability of large
bandgap semiconductors to absorb a large portion of the solar spectrum. For this
reason, materials exhibiting relatively high photoactivity for H, production during
water splitting with improved visible light absorption, such as the GaN:ZnO solid

solution reported by Maeda et al.,™

must be subjected to the ideologies and
methodologies of traditional heterogeneous catalysis to further improve the
photoactivity and quantum efficiency to industrially viable levels.

Heterogeneous photocatalysis may not be the only answer to the energy problems
facing the globe. It is, however, a technology that shows promise for decreasing our
dependence on carbon-based fuels. The scientific community is not at a point where
the best or only solution to the energy issue can be clearly defined, so research must
continue to be done to explore all possible technologies and methods of solving energy
problems for the growing world population. It may well be that the answer is a
combination of technologies. The research in this dissertation is intended to be a step,
however small, in the right directions. On a personal note, | for one believe in the
ingenuity of the human race. 1 am reminded of a statement I first heard from Dr. Mark

J. McCready, my professor for undergraduate reaction engineering at The University

of Notre Dame: “The stone age did not end because we ran out of stone.”
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Table 1: Activity for H, production during photocatalytic water splitting over various

novel metal oxides studied in the literature. The activity for TiO; is shown for

comparison.
Catalyst (umﬁf/tril\r/};ycat) Reference
TiO, 69 Current Study
SrTiO; 100 K. Domen, Chem. Phys. Lett., 2001, 92, 433
Ta,05 1154 H. Kato, Chem. Phys. Lett. 1998, 295, 487
K,La,Tiz0y 444 T. Takata, Chem. Mater. 1997, 9, 1063
Sr,Nb,0O4 402 H.G. Kim, Chem. Commun. 1999, (12), 1077
NaTaOs:La 19800 H. Kato, J. Am. Chem. Soc. 2003, 125, 3082
Sr,Sn0, 16 J. Sato, J. Phys. Chem. B. 2001, 105, 6061
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Figure 1: Typical ATR-FTIR spectrum for H,O on a ZnSe IRE.
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