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ABSTRACT

INSIGHTS FOR CATALYST DESIGN: A SYSTEMATIC INVESTIGATION OF THE
MORPHOLOGICAL DEPENDENCE OF CATALYTIC AND PHOTOCATALYTIC
ACTIVITY FOR NANOSTRUCTURED TITANIA
Paul A. Pepin
John M. Vohs
Studies of the thermal and photocatalytic properties of single crystal materials have proven
to be useful in elucidating how surface structure influences photocatalytic activity for a
range of reactions. While the use of well-defined single-crystal surfaces as model
photocatalysts has many advantages, this approach also has some limitations since they
do not allow one to study cooperative effects between different exposed crystal planes and
how preferential migration of photogenerated charge carriers to different surfaces
influences activity. To overcome these limitations while still using materials with welldefined surfaces, the research described in this dissertation seeks to understand the
relationships between nanostructure and the thermal and photocatalytic properties of welldefined metal oxide nanocrystals. This approach is aided by recent advances in the
synthesis of oxide nanocrystals which provide a high degree of control over crystallite size
and shape. Furthermore, recent studies have reported that the dynamics of photogenerated
charge carries and the consequent photocatalytic properties of a material may be
significantly altered by decorating their surface with Pt. In this dissertation research
project, thin films of various size- and shape-selected TiO2 nanocrystals, both with and
iv

without Pt decoration, are studied by using traditional surface science techniques. The
thermal- and photocatalytic reactions of acetaldehyde, methanol, and acetic acid on these
nanocrystal films were investigated using temperature programmed desorption in ultrahigh vacuum. Results show that nanocrystal size and shape both have clear effects on the
thermal and photocatalytic pathways occurring on the surfaces of the nanocrystals. Results
also give insight into how Pt affects the dynamics of photogenerated charge carriers within
a material. This dissertation demonstrates the efficacy of using well-defined
nanostructured materials to gain understanding about how various parameters, such as a
particle’s shape, size and precious metal surface decoration, can influence the catalytic
properties of a material.
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CHAPTER 1. INTRODUCTION
1.1

Global Energy Demand, Environmental Outlook, and the Case for Developing
Sustainable Energy Technologies
The existential risks posed to human health and the environment by the current

extraordinary rate of consumption of fossil fuels has emerged as one of the preeminent
technological challenges currently facing our planet. The energy sector is the largest
consumer of fossil fuels, with about 81 % of global electricity produced through the
combustion of fossil fuels.1 Additionally, the chemicals industry accounts for a significant
fraction of the demand for fossil fuels, consuming about 6 % of global fossil fuel production
for its energy needs, as well as another 7 % consumed as feedstocks for chemicals
manufacturing.1
As of 2017, global annual energy demand was estimated at 544.4 quadrillion BTU,
releasing CO2 at a rate of about 32.5 gigatonnes annually, and is projected to increase to
about 703 quadrillion BTU by 2040.2,3 This unprecedented release of CO2 has resulted in
a sharp increase in atmospheric CO2 concentrations in recent years. Given the
characteristics of CO2 as a greenhouse gas, absorbing and trapping infrared heat energy
that would otherwise be emitted into space, there has been growing concern throughout the
scientific community about the impacts of these elevated atmospheric CO 2 levels on global
climate conditions and the eventual effects on human health. Consequently, developing
renewable, carbon-neutral sources of energy and chemical feedstocks to avert the worst1

case effects of this growing global environmental threat has recently become one of the
primary research objectives for the energy and chemicals communities.
1.2

Current Challenges for Effective Solar Energy Utilization
Solar energy represents the most abundant source of renewable energy, with about

8,850 quadrillion BTU, or over 16 times the current annual global energy demand, reaching
the earth’s surface every day.4 Capturing only about 0.02 % of this solar radiation would
be sufficient to meet today’s energy needs. As abundant as this source of energy is, several
key challenges have prevented its widespread utilization. Principally, photovoltaic
materials, which are the most prevalent materials currently used for solar energy
conversion, only generate power at a rate proportional to their instantaneous exposure to
light, which hinders their reliability for large scale continuous power production. This is
due to the basic operating principle of all photovoltaic materials, which consists of exciting
electrons within a material by absorbing photons. Most photovoltaic materials are
semiconducting, with electrons initially residing in the valence band. By absorbing
photons, these electrons may then be promoted to the conduction band, where they are then
free to migrate through the material. The flow of these photo-excited electrons through the
cell to power an external circuit is induced by constructing the cell of two different types
of semiconducting material, one rich in electrons (n-type), and the other lacking in
electrons (p-type), commonly referred to as “holes”. A photovoltaic cell constructed in this
way is formally referred to as a single p-n junction photovoltaic cell. Given the
instantaneous mode of operation of these devices, coupled with the diurnal cycle of solar
energy availability, the wide-scale implementation of photovoltaics has proven to be
2

challenging, as most applications require a continuous supply of electricity. Consequently,
many large-scale photovoltaic projects must also include grid storage solutions for
maintaining a continuous supply of energy.
The development of photovoltaic materials with adequate conversion efficiencies
has also proven to be a significant technological challenge. To begin with, the theoretical
efficiency of a single junction photovoltaic cell is limited to only 34 %. 5 This primarily
comes from the fact that sunlight is comprised of a broad spectrum of electromagnetic
radiation, and that photovoltaic cells are only capable of utilizing photons at or above a
specific energy. This is because for an electron to be promoted from the valence band to
the conduction band of a semiconducting material, commonly referred to as the “band gap”,
the photons with which the material is irradiated must possess at least as much energy as
the band gap. The solar irradiance spectrum is presented in Figure 1.1 and shows that the
solar spectrum is comprised mostly of wavelengths from about 250 nm up to about 2.5
mm, with the highest irradiance occurring at about 500 nm, or 2.48 eV. Thus, photons in
this solar spectrum with an energy less than the band gap are ineffective at inducing a
current, whereas the excess energy of photons that possess more energy than the band gap
will simply be wasted as heat.
Crystalline silicon is the most common material currently used for constructing
photovoltaic materials.6 Table 1.1 presents annual production volumes of Si-based
photovoltaic materials, in terms of peak power generation capacity, along with various
other photovoltaic materials currently being produced commercially.

3

Table 1.1: Global annual production volumes (Gw peak output, 2017) for various
photovoltaic materials.6
Material class
Crystalline Si
Amorphous Si
CdTe
CuInGaSe (CIGS)

Production (Gigawatts, peak)
93.0
0.3
2.3
1.9

For silicon-based photovoltaic cells which have a band gap of 1.1 eV, much of the infrared
portion of the spectrum down to a wavelength of 1127 nm is not absorbed, and a significant
fraction of energy from the UV portion of the spectrum is simply wasted as heat. Recent
research efforts have led to the development of photovoltaic materials comprised of
multiple junctions which are capable of absorbing photons of different energies, raising
this theoretical limit, with photovoltaic cells being reported with efficiencies as high as 46
%.7 However, these advanced materials still remain prohibitively expensive for most
photovoltaic applications.
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Figure 1.1. Spectrum of solar radiation (Earth).

Manufacturing costs have until recently been yet another hindrance for the largescale implementation of photovoltaic materials. To achieve the efficiencies previously
mentioned, high purity materials are often required. For example, silica-based solar cells
require that Si be purified to at least 99.999 % for their proper operation. 8 Although this is
not as rigorous as what is currently required for electronics grade Si (at least 99.9999999
% pure), much of the silicon for photovoltaics is currently produced from the same
manufacturing process as that for electronics-grade silicon, often in the form of out-of-spec
product.9 The manufacture of electronics-grade silicon typically involves first melting
quartz rock in an arc furnace and reducing with coal to produce metallurgical-grade silicon
that is about 98 % pure.

8,9

Further refining is accomplished by dissolving this silicon in

HCl to produce trichlorosilane, HSiCl3, which is then distilled until the required purity is
reached.9 Given the higher demand for photovoltaic materials in recent years, alternative
processes for solar-grade silicon purification have been developed which consist mainly of
blowing reactive gasses, such as H2, H2O, or SiCl4, through molten metallurgical-grade
silicon to strip of impurities.9,10 Regardless, given the extremely high temperatures
necessary for melting quartz, which occurs at about 1670 ºC, 11 and the purity levels
necessary for photovoltaic applications, significant capital investment and operating
expense is required for either of these processes. This has proven to be a significant
hindrance for the growth in the global manufacturing capacity of economically-priced
photovoltaic materials.
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1.3

Sustainable Energy and Chemicals Production through Photocatalysis
Photocatalytic materials offer a potential solution for the biggest challenges

associated with solar energy utilization and storage. Although operating on the same basic
principle for harnessing solar energy as photovoltaics (promoting photoelectrons by
absorbing photons) photocatalysts instead use these electrons to facilitate chemical
reactions at their surface. By forming or breaking chemical bonds, solar energy is therefore
stored chemically, eliminating the condition that energy utilization be commensurate with
solar irradiance. The photocatalytic reaction which has been most studied for energy
applications is water splitting to give O2 and H2. This reaction was first reported by
Fujishima and Honda in 1972 using a TiO2 electrode.12 Since that pioneering study,
numerous other studies have reported that various other semiconducting materials also
possess activity for this photocatalytic process, although TiO2 remains the most widely
studied photocatalytic materials and is commonly viewed as the prototypical
photocatalyst.13-16 These studies have greatly advanced our mechanistic understanding of
photocatalytic processes and how the physical characteristics of a material influence its
photocatalytic activity. For example, it is now understood that for photocatalytic water
splitting to occur, the band structure of a material must first be ideally situated relative to
the redox potentials for water splitting such that a driving force exists for both the oxidation
of H2O to O2 and the reduction of H+ to H2, which is indeed the case for TiO2.14 This is
illustrated by Figure 1.2 below, which plots the band structures of various semiconductors
with respect to the redox potentials for the water splitting half reactions. 17
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Figure 1.2. Band structures of various semiconductors with respect to the redox potentials
for water splitting. Reproduced from [17].

In addition to hydrogen production, numerous other photocatalytic pathways have
been reported in recent years for the production of chemicals that may be used as industrial
feedstock alternatives to fossil fuels, such as the photo-fixation of CO 2 to methanol,18-20
methanol photocoupling to methyl formate,21,22 and various other photochemical
transformations.23,24 Additionally, other important applications for photocatalytic materials
have been identified, such as water and air purification.25,26 These studies have provided
much insight about the mechanisms governing these various photocatalytic processes.
Despite the progress made in this field of research, the efficiency of most of these
materials is currently much too low for them to be considered commercially viable. For
example, the best reported efficiencies of water splitting catalysts to-date is only about 5
% for the solar spectrum,27 yet to be commercially competitive, it is generally thought that
their efficiency must be improved to as high as 30 %.28 Thus, continued research efforts
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are required for photocatalytic materials to achieve commercial viability and meet our
growing needs for sustainable sources of energy and chemicals.
1.4

Understanding the Impact of Nanostructure on Photocatalysis by Using WellDefined Materials
As mentioned above, the disparity between the low efficiencies of most

photocatalytic materials and their efficiency requirements for commercial deployment
presents a significant scientific challenge and research opportunity. It therefore comes as
no surprise that one of the primary areas of research focus has been to gain understanding
about the characteristics influencing photocatalytic efficiency. Presently, it is generally
understood that for a photocatalytic reaction to occur, a valence band electron must be
promoted into the conduction band as described above, followed by migration of the photoexcited electron and hole through the material until they reach the surface. These photoexcited charge carriers can then react with molecules adsorbed at the surface, with electrons
facilitating reduction reactions and holes facilitating oxidation reactions. Competing with
this process is the recombination of the photo-excited electrons and holes, either in the bulk
or at the surface, reducing their lifetimes and the photocatalytic efficiency of the material.
Given this mechanism, it is therefore reasonable that the structure of a material, both at the
surface and in the bulk, has a significant impact on how photo-excited charge carriers
migrate through and react at a surface.
1.4.1. Exploring the Role of Surface Structure through Single Crystal Materials
Studies of the reactivity of macroscopic single crystal surfaces have traditionally
provided a great level of insight about how local atomic structure affects catalytic
8

activity.14,21,25,29-40 Studies of the reactions of probe molecules on extended surfaces of a
particular orientation have allowed for the systematic exploration of how various surface
features influence catalytic activity. The potential influence of surface structure on catalytic
activity is clearly demonstrated in a study by Vohs and Barteau, who showed that activity
for the partial oxidation of methanol on ZnO depends entirely on the orientation of the ZnO
surface.40 This is illustrated in Figure 1.3 below, reproduced from that study, which shows
that on the Zn-terminated (0001) surface, methanol is readily oxidized, while on the Oterminated (0001) surface, methanol desorbs largely intact.40

Figure 1.3. Methanol TPD spectra from the (a) (0001) and (b) (000𝟏) surfaces of ZnO,
reproduced from [40].

Studies of single crystals have similarly been used to great effect to gain insight
about photocatalytic processes occurring at a surface. For example, Shen and Henderson
used a rutile TiO2 (R-TiO2) single crystal exposing the (110) plane to develop a detailed
mechanistic understanding of the process by which methanol photo-oxidation occurs. 32 In
this study it was shown that on the (110) surface methanol primarily adsorbs as molecular
9

methanol, but may be dissociated to methoxy (-OCH3) and hydroxyl (-OH) species by
coadsorbing oxygen on the surface.32 Additionally, it was found that by controlling the
concentration of methoxy groups on the surface, the extent of methanol photo-oxidation
could also be controlled, with the primary photo-oxidation product being formaldehyde.
These results indicate that methoxy groups, instead of molecular methanol, are the primary
hole scavenger species, which are oxidized to formaldehyde through the cleavage of a CH bond at the TiO2 surface.32
Single crystals have also been used to gain insight about how the atomic structure
of a surface impacts photocatalytic activity. For example, Kislov et al. observed that the
photocatalytic degradation of organic dyes in aqueous solution over single crystal ZnO
surfaces was highly dependent on the orientation of the surface, with the (1010) surface
showing the highest activity, followed by the (0001) surface, and the (0001) surface
demonstrating the lowest activity.41 Similarly, several recent studies investigating the
photocatalytic reactions of ethanol on TiO2 revealed that the activity of various
photochemical reaction pathways for ethanol on TiO2 were surface structure dependent.42,43
Katsiev et al. showed that the primary photochemical pathway for ethanol on an extended
anatase TiO2 (A-TiO2) surface exposing the (101) plane was dehydrogenation to produce
acetaldehyde and water, and that this pathway was independent on O2 partial pressure.42
On an R-TiO2(110) surface however, Harrison et al. showed that selectivity could be
shifted away from this pathway by increasing the partial pressure of oxygen, instead
cleaving ethanol at the C-C bond to give an adsorbed formate (HCOO -) species and a
methyl radical (∙CH3).43 By switching reaction pathways from dehydrogenation to C-C
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bond dissociation, this latter study demonstrates that the R-TiO 2(110) surface, being
capable of producing stable formate species at high O2 partial pressures, behaves
fundamentally differently from that of A-TiO2(101). These studies thus underscore the
value of single crystal studies for providing detailed mechanistic understanding about
select photocatalytic processes and also about how surface structure can influence these
processes.
In addition to providing mechanistic understanding of photocatalytic processes at a
particular surface, TiO2 single crystals have also been used in a few limited instances to
study the dynamics of photogenerated charge carriers within a material. For example, Xu
et al. examined the impact of bulk crystal structure on photocatalytic activity using RTiO2(110) and A-TiO2(101) single crystals.44 In that study, it was found that electron-hole
lifetimes were about an order of magnitude longer in the bulk of the A-TiO 2(101) single
crystal compared to those in the R-TiO2(110) single crystal.44 These lifetimes were also
found to correspond to the activity of the R-TiO2(110) and A-TiO2(101) single crystals for
CO photo-oxidation.44 These results are summarized below in Figure 1.4.
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Figure 1.4. Electron-hole lifetimes, as measured using transient photo-conductance in RTiO2(110) and A-TiO2(101) single crystals. The inset shows the concentrations of CO, plotted
as ln(C0/Ct), as a function of irradiation with UV light (3.4 eV, 2 x 1014 photons s-1cm-2) for
time t, following exposure to CO and O2 gas. C0 is the initial CO coverage before UV
irradiation, and Ct is the CO coverage after irradiation at time t. Reproduced from [44].

1.4.2. Investigating the Role of Nanostructure using Well-defined Nanomaterials
As discussed above, studies employing single crystals can provide a great deal of
mechanistic insight about photocatalytic processes, as well as understanding about how
these processes are affected by surface structure and even bulk structure. Despite their
utility for expanding our understanding in these areas, their usefulness is met with several
key limitations. The first is that many surfaces of interest simply are not commercially
available in large single crystals. In the case of TiO2, this is at least partially due to the
propensity of higher energy surfaces to reconstruct to lower energy surface configurations
upon heating.39,45 In contrast, nanostructured materials may be readily fabricated to expose
high energy surfaces without reconstruction, presumably due to changes in the equilibrium
conditions for reconstruction, given the small size of the surfaces exposed. For example,
numerous recent studies have demonstrated that well-defined A-TiO 2 nanoparticles
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exposing high-energy surfaces, such as the (001) and (100) facets, can be readily
synthesized.46-49 Therefore, these nanostructured materials provide new opportunities for
studying how surface structure may influence thermal and photocatalytic activity.
Another limitation of using single crystal materials for catalytic study is that their
idealized nature represents a significant departure from high surface area polycrystalline
commercial catalysts. Given their low dimensionality, many of the important structural
features commonly exposed by commercial catalysts, such as the edge sites which occur
along the intersections of adjacent facets, cannot be studied using macroscopic single
crystals. This so-called “materials gap” is particularly evident in photocatalysis, where it
has been shown that nanostructure can often have a strong influence on photocatalytic
activity.50-55 The potential impact of nanostructure on photocatalytic activity is
demonstrated in a study by Singh et al., who showed that the photocatalytic activity of
various complex ZnO architectures was highly variable, with cauliflower-like and
nanorod-like assemblies having significantly higher activity than spherical particles for the
photodegradation of various organic dyes in solution.55 Crampton et al. also demonstrated
the importance of nanostructure by comparing the thermal and photocatalytic activity of
R-TiO2 nanorods, which primarily exposed (110) facets, with a R-TiO2(110) single crystal.
Although both demonstrated similar thermal reactivity, the nanorods exhibited lower
photocatalytic activity for the partial oxidation of methanol. In yet another interesting
example, Wu et al. showed that A-TiO2 nanoparticles with a hollow tetragonal structure
exposing large (101) facets demonstrated much higher activity than commercial anatase
TiO2 powder for the photodegradation of organic dyes in solution.53 These studies, thus,
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demonstrate that nanostructure is an important factor in determining photocatalytic
activity.
Nanostructured materials with well-defined facets provide an intermediary between
single crystal materials and polycrystalline commercial catalysts, allowing for the
relationships between nanostructure and catalytic and photocatalytic activity to be
systematically explored. Thus, recent advances in the synthesis of nanomaterials have
provided many opportunities to study these relationships. The work of Ohno et al. provides
several excellent examples of how nanostructured materials may be used to gain insight
about photocatalytic processes.56-59 In one the earliest such studies, the deposition of Pt and
PbO2 via photoreduction from solution onto A-TiO2 and R-TiO2 particles with well-defined
crystal faces was examined.56 In that study it was found that, under UV illumination, the
facets of the nanoparticles demonstrated either net photo-reducing or photo-oxidizing
properties. This is illustrated in Figure 1.5, which shows that Pt and PbO 2 were selectively
photodeposited onto different facets of the A-TiO2 and R-TiO2 nanoparticles. These results
are very informative, indicating that the various crystal faces work coordinatively to help
in the separation of electrons and holes.56 This selective deposition of metals to different
nanoparticle facets has since been demonstrated on numerous occasions for oxide particles
of various composition, shape, and size, providing valuable insight about how
nanostructure can influence photocatalytic activity.60-65
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Figure 1.5. SEM images of an anatase particle (a) and a rutile particle (b) showing Pt and
PbO2 deposits, which were loaded on the particles by UV irradiation. The images show that
Pt+ ions are preferentially photo-reduced onto the sides of each particle while, for the rutile
particle, Pb2+ ions are photo-oxidized to PbO2 at the ends by UV irradiation. Reproduced
from [56].

As insightful as these early studies have been for demonstrating the importance of
nanostructure, the relationships between nanostructure and photocatalytic activity have yet
to be fully explored. In particular, as previously highlighted, understanding the
relationships between shape, size, and the lifetimes of photo-excited charge carriers within
a crystallite is of substantial interest for developing more efficient photocatalysts. Hence,
studies investigating these relationships have recently begun to appear in the literature. For
example, it has recently been reported that photocatalytic activity may be affected by
varying the ratio of coexposed surface facets. Liu et al., demonstrated this by showing that
the photocatalytic activity of ZnO nanoparticles with a rod-like shape that exposed a high
fraction of (1010) faceted sides, demonstrated significantly higher photocatalytic activity
for the photodegradation of organic dyes in solution than disk-shaped particles that exposed
a high fraction (0001) and (0001) faceted ends.66 Yu et al. demonstrated that there may
even exist an optimum ratio of exposed facets for enhancing photocatalytic activity. In their
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study it was found that, for A-TiO2 nanocrystals about 100 nm across, the photoreduction
of CO2 to CH4 was highest when the ratio of exposed (101) and (001) facets was about
1:1.67 Similarly, Kuang et al. showed that H2 production from water-splitting over different
A-TiO2 nanocrystals of varying morphology and a length scale of about 300 nm was
highest for nanocrystals exposing ~15 % (001) facets. 61 Both of these latter studies
concluded that balancing the number of exposed reducing and oxidizing planes was
important to prevent electron charge carrier accumulation and spillover from one surface
to another, thereby enhancing the lifetimes of the surface trapped electrons and holes 61,67
It has also been suggested that the ratio of exposed facets may impact photoactivity
by providing the highest number of sites in close proximity to intersecting facets,
minimizing the path length for charge carrier diffusion and thus minimizing recombination
in the bulk.22 For example, Bennett et al. reported that activity for photo-oxidative
methanol coupling to methyl formate was highest for decahedral-shaped nanocrystals that
exposed high proportions of the photo-reducing (101) facets. In that study, it was proposed
that the high activity of the decahedrals for this photo-oxidative coupling pathway was
possibly due to the close proximity of the photo-oxidizing sites at the (001) facets with the
photo-reducing (101) facets, thus providing facile charge carrier separation across the
interface, minimizing the charge carrier diffusion path length to avoid recombination. 22
Nanocrystal size has also been reported to be an important factor for determining
photocatalytic activity.51,58,68 For example, Wu et al. demonstrated that A-TiO2 nanobelts,
which predominantly exposed (101) facets and varied in length from 60 to 400 nm,
displayed increasing photocatalytic activity with length.51 Zhang et al. also examined the
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relationship between nanocrystal size and photocatalytic activity using various ZnO
nanoparticles with rod-like structures that varied in length from 200 to 800 nm. 68 In that
study it was observed that longer nanorods were more active for the photodegradation of
organic dyes in solution.68
Despite these interesting findings, it is recognized that the observed effects of
crystallite shape and size on photocatalytic activity appear to be potentially in competition.
For example, the nanostructured rods and belts used by Zhang et al. and Wu et al. both
exposed increasingly imbalanced proportions of surface faceting as length increased, yet
both continued to demonstrate higher photocatalytic activity. Considering these
observations and the seemingly conflicting attributions for photocatalytic activity, it is
clear that continued research is necessary to better understand the processes governing
photocatalytic activity and the influence of crystallite shape and size on these processes.
1.5

Dissertation Objectives
As discussed above, the mechanistic processes which govern the dynamics of

photo-excited charge carriers within a material are still poorly understood. Consequently,
one of the primary objectives of the research presented in this thesis was to continue
investigating the relationships between crystallite shape, size, and photocatalytic activity.
To understand the relationships between nanostructure and photocatalytic activity, it was
necessary to first ensure that the relationships between atomic surface structure,
nanostructure and thermal activity were well-established. To accomplish both of these
objectives, well-defined TiO2 nanoparticles of varying shape, size, and crystallinity were
used. These TiO2 nanoparticles were provided in collaboration by the Murray research
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group in the Chemistry department at the University of Pennsylvania, who are leading
experts in nanoparticle synthesis.
To study these TiO2 nanoparticles under controlled conditions ultra-high vacuum
(UHV) was used to create an idealized environment in which to carefully explore the
effects of surface and nanostructure on thermal and photocatalytic activity. The use of
UHV also allowed for the use of traditional surface science techniques such as x-ray
photoelectron spectroscopy (XPS), auger electron spectroscopy (AES), and temperature
programmed desorption (TPD) to characterize these various nanostructured TiO 2 particles,
each of which is described in detail in Chapter 2 of this dissertation.
In addition to the relationships between nanostructure and activity, the influence of
the presence of various coadsorbed species, such as O2 and H2O, on the thermal and
photocatalytic activity of the TiO2 nanoparticles was also studied. As previously
highlighted, the presence of coadsorbed species can significantly alter the catalytic activity
of a surface.43 Thus, by examining how these various coadsorbates influenced activity,
additional insight may be gained about the thermal and photocatalytic processes occurring
at the surface. Also, by observing how coadsorbed species such as O 2 and H2O influenced
the activity of these TiO2 nanoparticles in UHV, some insight may be attained about how
these nanostructured particles behave at higher pressures, helping to narrow the “pressure
gap” created by the use of UHV.
It has also been observed that the photocatalytic activity of TiO2-based materials
can be enhanced by the presence of an active metal such as Pt on their surface.25,61,64,69-74
This photocatalytic enhancement has routinely been attributed to the formation of a
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Schottky barrier at the Pt/TiO2 interface, which is the energy difference between the Fermi
level of Pt and the conduction band of TiO2, which prevents photoelectrons that migrate
into the Pt deposits from migrating back into the TiO2 bulk and recombining.25,61,71,72 A
few studies have, however, observed the reverse behavior.73-76 For example, Linsebigler et
al. observed that the activity of a R-TiO2(110) single crystal for CO photo-oxidation was
decreased as Pt was deposited on the surface.75
Considering these conflicting results, it is clear that greater mechanistic
understanding is needed about the processes by which cocatalysts such as Pt on TiO 2
influence activity. Thus, given the capabilities offered by UHV, this dissertation also
endeavored to identify how thermal and photocatalytic activity of the TiO 2 nanoparticles
was affected by the presence of Pt at the surface of various nanostructured TiO 2 particles.
1.6

Dissertation Outline
This dissertation is broken into seven separate chapters, including the present

chapter, which provides the necessary background information regarding the influence of
nanostructure on the thermal and photocatalytic properties of a material. Chapter 2 provides
an explanation of the various experimental methods and apparatuses used throughout the
project, as well as descriptions of the techniques employed for preparing the samples used
in this study. Chapters 3 and 4 present findings for the activity of several probe molecules
and the morphological dependence of their key thermal and photocatalytic reaction
pathways on various well-defined TiO2 nanoparticles. Chapters 5 and 6 describe
investigations of how these reaction pathways are influenced by the deposition of Pt, as
well as the presence of coadsorbed species such as O2 and H2O, on the surface of the
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nanoparticles studied in Chapters 3 and 4. Finally, Chapter 7 summarizes the key findings
from each of these major sections and outlines the principle conclusions drawn from this
dissertation research project.
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CHAPTER 2. EXPERIMENTAL METHODS
In this chapter, a general description is given of the various experimental methods,
along with the necessary theoretical and operational explanations, that are employed
throughout this dissertation research project. First, an overview is presented of the theory
of ultra-high vacuum for generating atomically clean surfaces, followed by descriptions of
the equipment used to produce this idealized environment. Then, an overview is provided
of the synthesis and preparation of the well-defined oxide nanocrystals that were used
throughout this research project. Descriptions and theoretical bases for the various
experimental techniques employed, including x-ray photoelectron spectroscopy (XPS),
auger electron spectroscopy (AES), and temperature programmed desorption (TPD), are
also provided. Additionally, within the experimental methods sections of each of the
following four chapters of this dissertation, further details on experimental and operational
parameters are provided where necessary.
2.1

The Theory of Preparing Atomically Clean Surfaces Using Ultra-high

Vacuum
Clean surfaces free of adsorbed gas contaminants are necessary for characterizing
the mechanisms by which molecules adsorb and interact at a surface using the
aforementioned experimental techniques. Throughout this project, an ultra-high vacuum
system capable of lowering the ultimate pressure to 1 x 10-10 Torr has been utilized,
allowing for the generation of clean surfaces which can then be maintained for several
hours. To illustrate how ultra-high vacuum allows for producing clean surfaces for
prolonged periods of time, it is insightful to first consider the kinetic theory of gases, and
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how the rate of collisions and surface contamination are affected by pressure and the
properties of a gas.
According to kinetic theory, the flux of an ideal gas through a plane, striking a
surface at one side is given by
(2.1)

𝑍 = ∙𝑛∙𝑉

where n is the gas density in terms of the number of molecules per unit volume, and 𝑉 is
the average velocity the gas. This flux of molecules to a surface, Z, is also known as the
impingement rate on a surface. Using the ideal gas law
𝑃 =𝑛∙𝑘 ∙𝑇

(2.2)

where 𝑘 is the Boltzmann constant, Equation 2.1 may instead be written in terms of
pressure and temperature to obtain
𝑍=

∙

∙𝑉

∙

(2.3)

Now, according to the expression for the kinetic energy of a gas molecule, the average
velocity of a gas molecule is given by

𝑉=

∙

∙

(2.4)

∙

where m is the molecular weight of the gas. Combining Equations 2.3 and 2.4, we arrive at
a new expression for the impingement rate.
(2.5)

𝑍=
( ∙ ∙ ∙

∙ )

22

This is a useful expression which allows the impingement rate to be calculated using only
temperature, pressure, and the molecular weight of the gas molecule. For example, at
standard conditions of temperature and pressure (25 ºC, 760 Torr) for a surface in a nitrogen
environment, there are approximately 2.9 x 1023 s-1 cm-2 collisions with the surface.
Assuming an atomic density of the surface of 1.5 x 10 15 atoms cm-2, which is a typical
value for an oxide surface such as TiO2, it will take approximately five nanoseconds for
each surface atom to be struck by a gas phase molecule. If instead of nitrogen, a gas such
as carbon monoxide is used (which happens to possess the same molecular weight as
nitrogen) that has a high sticking probability, these collisions between the surface and gas
molecules will ultimately result in complete coverage of the surface with the gas molecules
after this time interval.
The time for surface monolayer coverage may be extended by decreasing the gas
pressure. For example, if the pressure of carbon monoxide pressure is lowered to 10 -6 Torr,
the time for monolayer coverage may be extended to about 3.4 seconds, and further
lowering this pressure to ~10-10 Torr will increase this time to several hours. Thus, a
vacuum environment allows for clean surfaces to be generated and remain free of
contaminants for extended periods of time.
2.2

Ultra-high Vacuum Chamber and Pumping Equipment
As mentioned above, to generate clean surfaces for extended periods of time, it was

necessary to create an ultra-high vacuum (UHV) environment (< 10 -9 Torr). In this research
project, an UHV chamber with a base pressure of about 1 x 10 -10 Torr was utilized for this
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purpose. This vacuum chamber, depicted in Figure 2.1, was equipped with an integral ion
pump capable of maintaining this level of deep vacuum under normal operating conditions.

Figure 2.1. Ultra-high vacuum chamber schematic.

The ion pump, also commonly referred to as a sputter ion pump, basically consists
of several parallel pumping units, each consisting of two parallel electrodes and a strong
permanent magnet (~ 0.1 T). A high dc voltage of about 5 kV is applied between the
electrodes, generating emission electrons which travel between the electrodes. The
magnetic field is aligned parallel to the electrodes, which constrains the electrons from
travelling directly between the electrodes, causing them to traverse the space in a spiral
motion. This motion greatly increases their path length and consequently the probability of
a collision with a gas molecule before reaching the anode. In a vacuum environment, the
mean free path of these emission electrons is long enough for them to accelerate and gain
sufficient energy to ionize a gas molecule upon contact. This ionized molecule, which is
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usually positively charged, will then be attracted to the cathode, which is comprised of Ti.
Upon contact with the cathode, the gas-phase ion will either be deeply and permanently
buried in the Ti, or will adsorb and become neutralized at the surface, or will sputter away
some of the Ti cathode onto nearby surfaces, releasing secondary electrons that are
subsequently accelerated across the field. The Ti sputtered onto nearby surfaces is also
reactive toward gas phase molecules such as O2, N2, and CO, and provides an additional
pumping mechanism for these active gas molecules.
This pumping mechanism is very effective, allowing pressures < 10 -11 Torr to be
reached and is also very reliable, requiring no moving parts, with typical lifetimes of ~
50,000 h at 10-6 Torr. The lifetime of an ion pump is also inversely related to pressure,
given the decreased rate of cathode sputtering at lower pressures. Ion pumps with lifetimes
longer than 30 yrs are common when routinely operated under ultra-high vacuum
conditions.
As mentioned above, for an emission electron to gain enough kinetic energy to
ionize a gas molecule, it must have a sufficiently long mean free path. Consequently, an
ion pump cannot be started on its own from atmospheric conditions but must first be
evacuated to ~ 10-6 Torr. Thus, to start the ion pump, the UHV chamber is also equipped
with a turbomolecular pump, backed by a rotary vane pump, both of which are also
depicted in Figure 2.1.
The initial evacuation of the vacuum chamber upon startup from atmospheric
pressure conditions was conducted using the rotary vane pump. This type of pump, also
commonly referred to as a roughing pump, is widely deployed throughout the chemical
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industry and in many research applications and is capable of operating anywhere from
atmospheric pressure conditions down to ~10-3 Torr. A rotary vane pump consists of a
notched rotor assembly, equipped with integrated sliding vanes, placed eccentrically inside
a cylindrical cavity, sometimes referred to as the stator. A cutaway schematic of a rotary
vane pump is provided in Figure 2.2. As this figure depicts, as the rotor turns inside the

Figure 2.2. Cross-sectional cutaway schematic of a rotary vane vacuum pump.

cavity, the vanes move out of the rotor, either by centripetal force or with the assistance of
a spring, wiping the walls of the housing, and dividing in the pump cavity into diverging
and converging volumes. The inlet gas nozzle is positioned at the entrance of the diverging
section and gas is drawn in as the rotor turns. In the converging section, the gas is
compressed as the rotor turns, forcing the gas out of the exhaust port positioned at the
narrow end of the converging section. The pump is lubricated with mineral oil which
prevents excessive wear and creates a tight seal between the walls of the pump cavity and
the vanes.
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As is evident in the design of this style of vacuum pump, the volume of gas
displaced during operation is constant regardless of operating pressure. The ultimate
pressure of this style of pump will however be limited by the vapor pressure of the
lubricating oil, which increases as the oil degrades and becomes contaminated over time.
As condensable vapors such as water or methanol travel through the pump, they are
condensed in the converging section of the pump, mixing with the lubricating oil and revaporizing in the diverging section, effectively mitigating the amount of gas drawn in once
the vapor pressure of these contaminants is reached. A small amount of gas ballast, or purge
air, at the inlet can offset this accumulation of contaminants, but the lubricating oil must
be periodically changed to maintain proper pump operation.
Once the chamber is evacuated using the roughing pump, the vacuum pressure may
be lowered further using the turbomolecular pump. The turbomolecular pump consists of
multiple stages of rotor blades attached to a central shaft with a stationary section of blades,
referred to as stator blades, positioned after each stage of rotors. A cutaway image of a
turbomolecular pump is provided in Figure 2.3, which clearly shows the individual sections
of alternating rotor and stator blades, each at opposing angles. The operating principle of
this style of pump is that momentum is transferred from the rotor blades to the gas
molecules, imparting a velocity in the direction of the next rotor stage and ultimately to the
pump outlet. The rotor blades are angled and designed to rotate at high speed so that the
momentum of the gas particles will be directed to the pump outlet. Operating at high speed
increases the probability that a gas molecule collides and adsorbs to the leading face of the
rotor blade, where after a period it will desorb in the direction of the next stage due to the
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Figure 2.3. Cutaway of a typical turbomolecular pump.

angle of the blade, with the added momentum from the rotor. Given this pumping
mechanism, the overall compression ratio of the turbomolecular pump is the product of the
compression ratios from each individual stage, allowing this type of vacuum pump to
achieve very high levels of vacuum. For example, the turbomolecular pump used in this
application operates at about 27,000 rpm and can achieve a pressure as low as 10 -9 Torr.
To maximize the efficiency of this pumping mechanism, collisions between
molecules (i.e. viscous forces) that rob the momentum imparted by the blades must be
minimized. Thus, for optimum pump performance and minimized drag from the viscous
forces applied by the gas, the molecular mean free path must be greater than the rotor blade
spacing. In this flow regime, commonly referred to as the molecular flow regime, the flow
of gas particles through the pump and associated piping is limited predominantly by
interactions with the rotor blades and pipe walls. Consequently, a turbomolecular pump
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must be coupled with a backing pump, such as the rotary vane pump described above, to
ensure molecular flow across the entire pump.
The mean free path of the gas may be estimated by kinetic theory using the
following equation
𝑙̅ =

∙
√ ∙ ∙ ∙

(2.6)

where 𝑙 ̅ is the mean free path and dm is the diameter of the molecule. Rearranging this
equation for P we see that, assuming nitrogen gas, molecular flow conditions are achieved
in the turbomolecular pump and associated piping when P ~ 10 -3 Torr. However, given the
diameter of the UHV vacuum chamber used in this research project, pressure must be
further reduced to ~ 10-4 Torr to achieve molecular flow conditions within the chamber.
Given the influence of path length on the flow regimes in the different sections of the
vacuum chamber setup, the rate of evacuation is initially limited by the inlet piping to the
turbomolecular pump until a pressure of ~ 10-4 Torr is reached, at which point the rate of
adsorption and desorption from the vacuum chamber walls also begins to hinder
evacuation.
Upon ion pump startup at 10-6 Torr, the mean free path of gas molecules within the
chamber is ~ 50 m and the majority of the gas molecules remaining in the chamber are
adsorbed at the walls and other surfaces within the chamber instead of in the gas volume.
As the chamber is evacuated further using the ion pump, the concentration of weaklyadsorbed species is depleted and the rate of evacuation slows. At 10 -9 Torr, the adsorbed
gas molecules at the chamber walls is comprised predominantly of strongly adsorbed
species such as water and CO. At this point, the rate of desorption and continued evacuation
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is such that it can take months to years to reach ~ 10-10 Torr. Heating the vacuum chamber
and associated piping can greatly accelerate this desorption process. This initial heating
step is often referred to as “bake-out” and was achieved in this research project by wrapping
the vacuum chamber in electrical heating tape and fiberglass insulation, allowing the
chamber temperature to be raised to 200 - 250º C, which was maintained for 24 h.
During the bake-out step, a large number of gas molecules are desorbed from the
chamber. To aid in pumping during this process, the chamber was also equipped with a
titanium sublimation pump. The titanium sublimation pump consists of several titanium
molybdenum alloy filaments mounted inside a high surface area sputter shield. The
filaments are individually heated by passing a current of ~ 45 amps through the filament
on a periodic schedule using a timer. During heating the vaporized Ti atoms are deposited
on the nearby sputter shield, providing additional pumping of active gas molecules.
Once ultra-high vacuum conditions are achieved, sample analysis may be
performed. For this purpose, the vacuum chamber was also equipped with a reagent dosing
manifold and a residual gas analyzer, as illustrated in Figure 2.1, as well as a Bayard-Alpert
style hot-filament ionization gauge (not pictured) for measuring pressure which functions
according to the same principles as the ion pump. For studying the photocatalytic properties
of the catalyst sample, the chamber was equipped with a fiber optic feedthrough and
external LED light source which emitted 365 nm UV light. The chamber was also equipped
with an x-ray source and hemispherical electron energy spectrometer for taking XPS
measurements. Additionally, Auger Electron spectroscopy measurements could be taken
using a separate UHV chamber equipped with a high voltage electron gun and cylindrical
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mirror analyzer. Both of these spectroscopic techniques were very useful in characterizing
the surface composition of the various catalyst samples under study and will be discussed
in more detail shortly.
For movement of the catalyst sample within the vacuum chamber, a manipulator
was installed on the top of the chamber as illustrated in Figure 2.1. The catalyst samples
under study were then mounted to a vacuum-rated feedthrough, illustrated below in Figure
2.4, which was installed at the end of the manipulator. As this figure shows, the sample

Figure 2.4. Schematic of UHV feedthrough at end of manipulator showing typical sample
installation inside the vacuum chamber.

was mounted to copper posts built into the feedthrough by a tantalum foil holder that was
spot-welded to the copper posts. The copper posts were electrically insulated from one
another and the chamber by a porcelain casing which allowed the sample to be resistively
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heated. The manipulator also contained a reservoir above the feedthrough which allowed
for cooling the sample to ~150 K by filling with liquid nitrogen. The temperature of the
sample was measured using a K-type thermocouple, which was also connected to the
feedthrough. With this setup, TPD experiments could be carried out on the catalyst
samples, the details of which will be outlined later on in this chapter.
2.3

Sample Preparation
The sample materials studied in this research project consisted of a set of anatase-

TiO2 particles with well-defined surface facets and also a set of nanostructured brookiteTiO2 particles having a rod-like structure. These anatase and brookite nanoparticle samples
were each highly monodispersed, each with distinct shape and size characteristics. These
nanocrystals were synthesized by the Murray group in the Chemistry department at the
University of Pennsylvania. Although their synthesis has previously been well-documented
by Gordon et al. and Buonsanti et al.,46,77 this section will provide an overview of the
synthesis process, as well as their preparation and further modification for use in this
research project.
To synthesize the nanocrystals, a Ti precursor in the form of either TiF4 or TiCl4
was added to 1-octadecene to make a stock solution. A portion of this stock solution was
then added to another solution containing 1-octadecene, a surfactant (oleic acid), and a cosurfactant (either oleylamine or 1-octadecanol). This solution was then heated rapidly to
563 K which initiated seed crystal formation. After formation of the seed crystals,
additional stock solution was delivered via a syringe pump. The size of the nanocrystals
was controlled by varying the amounts of additional stock solution added. The resulting
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anatase nanocrystals generally had a truncated decahedral shape, as illustrated in figure 2.5
a-b and d-f below.
The brookite nanorods were produced using a variant of the above procedure,

Figure 2.5. TiO2 nanocrystals with various morphologies grown using various precursors
and co-surfactants. This figure is reproduced from [46]. The nanocrystals in panels b and e
were studied in Chapters 3 and 6. The nanorods in panel c were studied in Chapters 4 and
5.

initially combining 1-octadecene, and the surfactants oleylamine and oleic acid, followed
by heating under nitrogen to remove impurities. A portion of the TiCl 4 precursor stock
solution was then injected followed by heating to 563 K. Upon formation of the seed
crystals, additional titanium precursor solution was dropwise added. The size of the
nanorods was controlled by adjusting the volume of the dropwise added precursor solution.
The resulting brookite nanorod particles are illustrated in figure 2.5 c below.
For the anatase particles, The extent of truncation of these nanocrystals was
determined by the choice of co-surfactant and the ratio of TiF 4 to TiCl4 in the stock
solution, which affected the relative surface energies of the (101) side and (001) endcap
facets; by stabilizing the (101) sides, growth was directed onto the (001) facets, generating
nanocrystals a with low degree of truncation. Conversely, by stabilizing the (001) facets,
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growth was instead directed onto the (101) sides, producing platelet-like nanocrystals with
a high degree of truncation.
The nanoparticles were purified by first precipitating from the reaction solution by
adding toluene and centrifuging. The nanoparticles were then redispersed as a clear
solution in toluene mixed with 100 µL of oleylamine to improve solubility, followed by
precipitation again with isopropanol. The nanoparticles were further washed using hexane
to remove excess surfactant.
To facilitate the use of surface science techniques such as TPD, thin films of the
nanoparticles were created by suspending in hexane and drop-casting onto oxidized silicon
wafers. The oxidized silicon wafers themselves provide an inert substrate for supporting
the nanoparticle thin films, while also providing good thermal and electrical conductivity
for TPD and XPS measurements. After allowing the solvent to evaporate, each sample was
placed in an UV-ozone cleaner for 3 hours to remove the surface-bound ligands. These
samples were then cut to ~ 5 x 7 mm rectangular samples which were then mounted to the
sample manipulator as described in the previous section by a tantalum foil holder spotwelded to the copper posts.
2.4

X-ray Photoelectron Spectroscopy
As previously mentioned, the use of ultra-high vacuum allows for the application

of various surface science spectroscopic tools such as XPS. XPS is useful for characterizing
the elemental makeup of a surface. In addition to providing information about elemental
composition, this spectroscopic technique also provides valuable information about the
oxidation states of the elements. XPS measurements are taken by irradiating a sample with
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x-rays and simultaneously measuring the kinetic energy of the electrons emitted from the
sample. This phenomenon is referred to as the photoelectric effect and was first explained
by Albert Einstein in 1905 using quantum theory, for which he was awarded a Nobel prize
in 1921.
The kinetic energy of an emitted electron is governed by the energy of the x-ray
source and the electron binding energy within an atom, according to the following equation
𝐸
where 𝐸

= ℎ𝜈 − (𝐸

is the kinetic energy of the electron, 𝐸

+ 𝛷)

(2.7)

is the binding energy of the

electron within the atom, 𝛷 represents the work function of the surface, ℎ is Planck’s
constant, 6.626 x 10-34 J s, and 𝜈 is the frequency of the incident radiation. The binding
energy of an electron is defined as the energy required to move an electron from its atomic
orbital out of the atom to the Fermi level, which is the energy level between the ground
state occupied atomic orbitals and unoccupied higher-level orbitals. The work function is
the added energy needed to then eject this electron from the material. In other words, the
work function is the energy required to excite the electron from the Fermi level to vacuum.
Thus, for an electron to be ejected from a material, it must absorb a photon with enough
energy, ℎ𝜈, to overcome both its binding energy and the work function of the material.
Rearranging this equation allows for the binding energy of a photoelectron to be
directly calculated, given that the energy of the radiation source and the work function of
the material are known.
𝐸

= ℎ𝜈 − (𝐸
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+ 𝛷)

(2.8)

Because the core electrons in an atom each have a distinct binding energy, the spectrum of
photoelectrons from a given element uniquely identifies the element. Consequently, by
observing the photoelectrons emitted from a surface during x-ray irradiation, the elemental
composition of the surface can be determined. A characteristic x-ray photoelectron
spectrum for Ti is reproduced in Figure 2.6, which shows peaks for the various
photoelectrons, along with a schematic of the complete photoelectron emission process by
which this spectrum is generated.

Figure 2.6. XPS spectrum for Ti, along with a schematic of the electron photoemission
process.

Although the spectrum of photoelectrons emitted during irradiation is unique for a
given element, the local bonding environment and oxidation state of an atom has a minor
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effect on the binding energy of the electrons, with binding energy increasing as the
oxidation state of an atom increases. This is a valuable quality of XPS and can provide a
great deal of information about the state of atoms and their bonding configurations at the
surface.
As previously mentioned, the work function of a material may be calculated if the
Fermi level of the material is known. In practice however, the work function is treated as
an adjustable instrument calibration factor, as it also depends on the spectrometer and the
electrostatic potential of the sample and the vacuum chamber. To determine the work
function, it is common practice to use an internal reference peak. The C 1s peak is
frequently used for this purpose, given its ubiquitous nature, usually due to small amounts
of adventitious carbon on the surface, which possesses a binding energy of 284.8 eV.
For the kinetic energy of a photoelectron to be accurately measured by the detector
it must first escape the material without colliding with other atoms. These collisions can
either rob the electron of kinetic energy or result in recombination or trapping of the
electron at that atom. For oxide materials such as TiO 2, the average distance an electron
travels before undergoing an inelastic collision, commonly referred to as the inelastic mean
free path (IMFP), is ~ 1 – 2 nm, depending on the composition of the material and the
energy of the electron. As a result, the signal of photoelectrons emitted from a material is
strongest from the atoms at the surface of a material and decreases exponentially with
depth, approaching essentially zero for atoms deeper than five times the IMFP. Thus, the
XPS spectrum is comprised mainly of photoelectrons emitted from less than ~ 10 nm below
the surface. For TiO2 with a lattice parameter of ~ 0.4 nm this corresponds to roughly the
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first 25 atomic layers, with the signal coming predominantly from the top-most layers,
given the exponential decay in signal strength from subsequent layers.
For taking XPS measurements, the UHV chamber used in this research project was
equipped with an x-ray source and a hemispherical electron energy spectrometer, both of
which are depicted in Figure 2.1. The x-ray source possessed both Al and Mg x-ray source
materials. X-rays are generated from one of these two source materials by accelerating high
energy electrons into it. The electrons are generated from a filament, referred to as the
cathode, by thermionic emission, when the filament is resistively heated to the point at
which electrons overcome the work function of the metal filament and are emitted from its
surface. These electrons are then accelerated into either the Al or Mg source, referred to as
the anode, by applying a 14 kV bias voltage to the metal source. The electrostatic field
created by this high voltage bias is strong enough to provide sufficient kinetic energy to
the emission electrons that upon their collision with a core level electron in an atom of the
source metal, the core electron is knocked out of the atom, creating a vacancy. This vacancy
is then filled by an electron from a higher-level orbital moving down to this core level
orbital. The excess energy resulting from this higher-level electron filling the lower-level
vacancy is then released as a photon. Thus, the wavelength of this photon depends on the
size of the transition the electron makes from its previous orbital to the core level orbital.
For both Al and Mg, the strongest emission of photons occurs when 2p electrons fill the 1s
vacancy, which yields photons in the x-ray regime, with an energy of either 1486.7 eV for
Al or 1253.6 eV for Mg.
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The hemispherical electron energy spectrometer used to detect the photoelectrons
emitted from the sample consisted of two concentric hemispheres, with an opening at one
end of the hemispherical passage positioned near the sample, and a detector located at the
opposite end of the passage. This configuration of this spectrometer is illustrated below.

Figure 2.7. Hemispherical electron energy spectrometer schematic.

A voltage potential difference is applied between the two hemispheres, with the
inner hemisphere being at the higher potential relative to the outer hemisphere. This
potential causes incoming electrons to curve toward the inner plate. This configuration acts
as a filter for electrons that do not possess the appropriate amount of kinetic energy required
to navigate the length of the arc without colliding with either hemisphere, as electrons with
low kinetic energy will be drawn into the inner hemisphere, whereas the path of electrons
with high kinetic energy will not be altered enough to prevent collision with the outer
hemisphere. To optimize the operation of the spectrometer, the voltage potential between
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the hemispheres is tuned to a specific fixed value. Consequently, to record a spectrum over
a range of electron energies, an electrostatic lens is placed at the entrance of the
spectrometer. This electrostatic lens consists of a metallic grid to which a variable negative
voltage potential may be applied. This negative voltage potential of the grid creates an
electrostatic field which slows the velocity of incoming electrons. Thus, by applying a
specific voltage to the lens, electrons of a certain energy may be measured, and sweeping
this voltage over a range provides a spectrum of the various electrons emitted from the
sample.
The spectrometer used in this research project was operated using an external PC,
which controlled the voltage bias of the electrostatic lens and simultaneously recorded the
intensity of electrons at the detector, in counts per second. To increase the signal-to-noise
ratio of the resulting spectrum, it was common practice to scan a given binding energy
range multiple times, and the signal intensities of each binding energy value could then be
averaged together to cancel-out the effect of the background noise at the detector.
2.5

Auger Electron Spectroscopy
Auger electron spectroscopy is another tool which provides useful information

about the elemental composition of a surface. This spectroscopic technique measures the
electrons emitted by the auger effect. The auger effect is the phenomenon by which an
electron is emitted from an atom after a series of internal relaxation events that occur
following the removal of a core level electron from that atom. When a core level electron
is removed from an atom, either by bombarding the sample with high energy photons or
electrons, the resulting hole may be filled by an electron from a higher energy orbital. As
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discussed in the previous section, for this higher energy electron to fill the core level
vacancy, the energy difference between the two orbitals must be released by the electron.
This often occurs via the emission of a photon. However in some cases, this energy is
instead transmitted to another electron of lower binding energy, typically in the valence
shell, which results in its emission from the atom. The emitted electron is referred to as an
Auger electron, named after the French physicist Pierre Victor Auger, who was one of the
first scientists to observe this phenomenon in 1923. Ultimately, this process results in the
creation of two vacancies in the affected atom.
Given the energy transfer process described above for emission of an Auger
electron, the kinetic energy of the Auger electron is given by the equation
𝐸
where 𝐸

, 𝐸 , and 𝐸

=𝐸

−𝐸

−𝐸

(2.9)

are the binding energies of the core electron, the

higher level electron, and the emitted valence electron. According to this equation, the
difference in binding energy between the core level and the higher level electrons
represents the energy that is transmitted to the valence electron. Thus, the kinetic energy
of the Auger electron is only determined by the difference between this energy transfer and
the binding energy of the valence electron and not by the energy of the source used to create
the core level vacancy. As with the photoelectrons emitted during x-ray irradiation, the
kinetic energy of these Auger electrons are unique to a given element and may therefore
may be used to unambiguously identify the elemental composition of a surface.
Similar to XPS, for these Auger electrons to be accurately measured by the detector
it must first escape the material without colliding with other atoms. Consequently, both
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AES and XPS yield elemental analysis results for only the top ~10 nm of a material. In
contrast however, given that the kinetic energy of Auger electrons arises from only the
difference in binding energies of the involved electrons, the kinetic energy of the Auger
electron emission process is not impacted by the oxidation state of the atom. As a result,
this technique was used primarily to confirm the cleanliness of a sample before use in TPD
studies.
For taking AES measurements, a separate UHV chamber similar to the one
illustrated in Figure 2.1 was used that was equipped with a high energy electron gun and a
cylindrical mirror analyzer. The electron gun consisted of a tungsten filament, electrostatic
accelerating anode, and focus lens, and is illustrated below in Figure 2.8. The filament
produces electrons by thermionic emission as described in the previous section. The
accelerating anode was held at a potential of 2 kV relative to the filament, producing a high
electrostatic field that accelerates the electrons toward the anode. The anode is cylindrical,
allowing a large portion of the electrons to pass through the center, forming a beam of high
velocity electrons. The electron beam then passes through a focus lens, consisting of
another cylindrical anode held at a potential about 80 % of the accelerating anode. By
tuning the potential of the focus lens, the diameter and focal point of the electron beam
may be adjusted. This electron gun was positioned on the vacuum chamber such that the
focal point of the electron beam is on the sample. By bombarding the sample with these
high velocity electrons, core level vacancies are created, initiating the Auger electron
emission process.
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Figure 2.8. Auger electron gun schematic.

The emitted Auger electrons were detected using a cylindrical mirror analyzer
(CMA). The CMA consisted of two concentric cylinders held at different potentials and
operates on the same principles as the hemispherical electron energy analyzer discussed
previously. An aperture is located at one end of the assembly and the CMA is positioned
on the chamber below the electron gun such that the aperture is in front of a sample when
positioned in the beam from the electron gun. During bombardment of the sample with
high energy electrons, Auger electrons emitted from the sample surface enter this aperture
and their trajectory is influenced by the electrostatic field between the charged cylinders.
A detector is positioned at the opposite end of the CMA assembly to detect electrons that
possess the requisite energy to navigate the cylindrical passage. A schematic of the CMA
is given below in Figure 2.9, which also illustrates its location on the vacuum chamber
relative to the electron gun.
As with the hemispherical electron energy spectrometer used for XPS, the potential
difference between the cylinders is held at a fixed value and a negatively charged grid is
placed at the entrance of the aperture. By varying the charge on the grid, incoming electrons
over a range of energies may be measured.
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Figure 2.9. CMA schematic and configuration on the UHV chamber relative to the electron
gun.

The spectrum generated by sweeping through a voltage range will provide a
spectrum similar to that obtained during XPS. In fact, several Auger electron peaks are
evident in the XPS spectrum given in figure 2.6. However, as shown in that figure, these
Auger peaks are often associated with a large, sloping background signal due mainly to the
inelastic scattering of these secondary emission electrons, making analysis of these peaks
difficult. As a result, AES spectra are often represented as the first derivative of the electron
intensity signal, dN(E)/dE, as illustrated below by the Auger spectrum for Ti. In this
spectrum, multiple Auger electron peaks are evident. Given the differential form of this
spectrum, the electron energy at which these peaks occur may be determined by the energy
at which the signal sharply crosses over from positive to negative, relative to the baseline,
signifying the apex of the peak.
The CMA used in this research project was operated using an external PC, which
controlled the bias voltage and sweep rate of the retarding grid and simultaneously recorded
the intensity of the electron signal at the detector, in counts per second. The PC interfaced
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with the CMA through a lock-in amplifier, which provided additional signal processing
capabilities such as gain modification and noise filtering.

Figure 2.10. AES spectrum for Ti.

2.6

Temperature Programmed Desorption
The principal method used in this dissertation research project for characterizing

the reactivity of the TiO2 samples was temperature programmed desorption (TPD). This
technique involves adsorbing a reagent onto a clean surface at low temperature, followed
by heating the surface at a uniform rate while simultaneously monitoring the desorption
products. This straightforward technique provides a wealth of information about the
adsorption characteristics and reactivity of a molecule at a surface. An example set of
desorption spectra from the TPD of water from a R-TiO2(110) single crystal is reproduced
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below from Henderson for various surface coverages of water.78 These spectra show a
desorption signal at 290 K, which is attributed to water that is adsorbed dissociatively,
which shifts down to 270 K as coverage increases. Also, this dataset shows a peak at 174
K for molecularly adsorbed water that builds in at higher coverage. Additionally, a low
temperature peak for water multilayers at 155 K appears at high coverage. These data may
be used to qualitatively understand how a molecule interacts with a surface as well as to
calculate the kinetic parameters for the desorption process from a surface. To understand
how these spectra may be used to gain this information, it is helpful to first examine the
mechanics and theory of molecular adsorption and desorption from a surface.

Figure 2.11. TPD spectra from various exposures of water on the TiO 2(110) surface at 135 K,
reproduced from [78].

When a molecule collides with a surface, it may adsorb onto it by bonding with the
surface to minimize its energy. The strength of this bond depends on both the nature of the
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surface and the adsorbate. This bond may be broken by heating the surface. As the surface
is heated, some energy is transferred to the molecule, causing the molecule to vibrate and
eventually overcome the energy of the bond, allowing the molecule to desorb from the
surface. The rate of molecular desorption from a surface may be described by the following
differential equation
𝑅

=

= −𝑘

𝑁

(2.10)

where N is the number of adsorbed molecules, m is the order of the desorption kinetics,
and kd is the rate constant, which follows the temperature-dependent Arrhenius form
𝑘

(2.11)

=𝑘 𝑒

where ko is the pre-exponential factor, Eades is the activation energy for overcoming the
bond with the surface, Rg is the ideal gas constant, and T is absolute temperature. For simple
molecular adsorption, ko is equivalent to the vibrational frequency of the molecule bonded
at the surface. This may also be thought of as the “attempt frequency” of the molecule for
potentially breaking the bond and desorbing from the surface. Substituting then this
frequency term, υ, in place of ko and combining Equations 2.10 and 2.11, we obtain the
following expression
= −𝑣𝑁 𝑒

(2.12)

Taking this equation and rewriting in terms of temperature instead of time, we obtain the
following expression
=−

/

𝑁 𝑒
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(2.13)

During TPD, the heating rate, dT/dt, is constant. In this research project, a heating rate of
β = 3 K/s was generally used, unless noted otherwise. At low temperature, when RgT <<
Eades, the exponential term is negligible; however, once RgT approaches Eades this term and
the consequent rate of desorption increases rapidly until the number of adsorbed molecules
at the surface is depleted, at which point the desorption signal decreases rapidly. Thus, the
point at which RgT approaches Eades may be identified by the peak in desorption signal
intensity. At the peak, the change in the rate of desorption, d/dT(dN/dT), is equal to zero.
=0=

− 𝑁 𝑒

(2.14)

Rearranging the above expression thus allows Eades to be determined. For first order
desorption kinetics (m = 1), this procedure yields the following function implicit in Eades
(2.15)

= 𝑒

where Tp is the temperature at which the desorption peak is observed. Although this
expression cannot be written explicitly for Eades, this expression does allow for the
activation energy to be numerically determined if the vibrational frequency is known. By
using a value for υ of 1013 s-1 and assuming that υ and Eades are independent of surface
coverage, An estimate for Eades may however be directly calculated by manipulating
Equation 2.15, yielding the following equation, frequently referred to as the Redhead
equation
𝐸

=𝑅 𝑇

𝑙𝑛

− 3.46

2.16

Similarly, for second order desorption kinetics (m = 2), the following expression may be
derived
48

=

𝑒

(2.17)

The kinetics of molecular desorption thus provides several insights into how
desorption is influenced by the state of molecular adsorption at a surface. First, note that
from Equation 2.13, the rate of desorption and the resultant peak intensity is correlated
with the amount of reagent adsorbed on the surface. Second, note that Eades is associated
with a higher Tp, and although exact determination of the activation energy for desorption
is often difficult, due to uncertainty about the frequency of molecular vibration at the
surface, an estimate of Eades can at least be produced from Tp using either Equation 2.16 or
2.17. Additionally, much can be determined about how a molecule is adsorbed at the
surface from the profile of the desorption peak alone. For example, zero-order desorption
kinetics are evidenced by an exponential increase in the rate of molecular desorption with
temperature until desorption is complete, at which point the rate of desorption abruptly
drops back to zero. This type of desorption is typically associated with desorption of
molecular multilayers and is illustrated in Figure 2.11 by the sharp peak at 155 K. Given
the exponential nature of zero-order desorption, the leading edge of the peak is the same
regardless of coverage. As the quantity of molecules adsorbed at the surface increases, the
signal intensifies and shifts to slightly higher temperatures, following this exponential
form.
For first order desorption kinetics however, it is apparent from Equation 2.15 that
the activation energy (Eades) and, accordingly, the temperature at which the desorption peak
occurs (Tp), is independent of the number of molecules adsorbed at the surface. This type
of desorption is illustrated by the peak at 174 K in Figure 2.11 and is typical of molecular
49

adsorption on a surface, where the molecule remains intact and desorption is only affected
by the strength of the molecule’s bond with the surface. The shape of a typical first order
desorption peak is also slightly asymmetric, with the signal rapidly decreasing after the
peak maximum.
For second order desorption kinetics, as may be inferred from Equation 2.17, the
desorption peak temperature, Tp, is a function of molecular coverage, shifting to lower
temperature as coverage increases. This type of desorption process is associated with
dissociative adsorption, where the constituents of a dissociated molecule must recombine
for desorption to occur. As coverage increases, the probability of recombination becomes
greater and occurs more readily, resulting in this shift to lower temperature. A second order
water desorption peak is apparent in Figure 2.11 at 290 K, arising from the recombination
of dissociated methoxy and hydroxyl species at this temperature, gradually shifting down
to 270 K as coverage increases. The shape of a second order desorption peak is typically
symmetrical, with a long tail to higher temperature, as the surface is steadily depleted of
dissociated species throughout the desorption process.
To perform TPD experiments in this research project, the temperature of the thin
film samples was measured using a type-K thermocouple as previously described in section
2.2. The samples were resistively heated at a constant rate using a variable dc voltage power
supply that was controlled by an external PC.
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As also mentioned in section 2.2, the UHV chamber was equipped with a residual
gas analyzer (RGA) to measure the desorption products during TPD. RGA’s are widely
used in vacuum applications to quickly identify the different molecules present in a gas
mixture. The RGA used in this research project was a quadrupole mass spectrometer
(QMS). A QMS operates by ionizing a small fraction of the gas molecules entering the
spectrometer, which are then separated, detected, and measured according to their
molecular masses. A QMS consists of 4 main segments: an ionizer, quadrupole mass filter,
ion detector, and electronics control unit (ECU). With the exception of the ECU, all of
these segments reside in the vacuum chamber. A schematic of a QMS is given below.

Figure 2.12. Quadrupole mass spectrometer schematic.

The ionizer section is comprised of a circular heated filament which produces
electrons by thermionic emission as described previously in section 2.4. These electrons
are contained in the ionizer by a wire mesh repeller grid that is negatively biased relative
to the filament and encapsulates the entire ionizer section. A wire mesh anode grid is
located inside the circular filament and is positively biased to accelerate electrons toward
the center of the ionizer. Given the open mesh design of the anode grid, most of the
electrons pass through without striking the anode grid and a dense cloud of high velocity
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electrons is generated inside the anode grid. If a molecule entering the ionizer is struck by
one of these high velocity electrons, an electron may be knocked out of the molecule,
generating a positively charged ion. A focus plate is positioned between the ionizer from
the quadrupole mass filter. The focus plate is negatively biased with an aperture at its
center, accelerating these positively charged ions toward it and allowing them to pass into
the quadrupole filter.
The quadrupole mass filter consists of a set of four stainless-steel rods held in
quadrature, parallel to each other by insulating ceramic spacers. Opposing rods are
electrically connected and a combination of DC and RF voltages are applied to the rods,
generating an oscillating electrostatic field in the interstitial volume inscribed by the rods.
The trajectories of ions entering this filter are thus influenced by this oscillating
electrostatic field according to their mass and only ions possessing a specific mass are able
to navigate the entire length of the quadrupole filter without either contacting the rods or
leaving the filter. Ions that reach the end of the quadrupole filter are refocused by an exit
aperture held at ground potential and are passed on to the detector.
The ions that successfully navigate the quadrupole filter are measured in the
detector by a stainless-steel Faraday cup, which generates an electric current proportional
to the ion current striking the cup. At low pressures (<10 -8 Torr) where the current of ions
is low, these ions may instead be directed into an electron multiplier, which amplifies the
signal of ions entering the detector. The electron multiplier consists of a special glass which
generates a large number of secondary emission electrons upon contact with an ion. Ions
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may be directed into this electron multiplier by turning on a high voltage (negatively
biased) electrode, which also supplies the electrons necessary for the multiplier to function.
The ECU is responsible for controlling the operation of the QMS and is electrically
connected to each of the components at the feedthrough flange. Vacuum and electrical
isolation of each electrode is maintained by a ceramic casing around each electrode pin in
the feedthrough flange. By varying the frequency and amplitude of the voltages to the
quadrupole filter, the ECU is capable of scanning over a range of masses. The QMS may
be operated either to look for a single mass or to sweep over a range to generate an entire
mass spectrum. The RGA assembly was multiplexed with the external PC, which
controlled the range of masses scanned and recorded the resulting mass spectrum generated
by the ECU.
In this research project, temperature programmed desorption was also used to
explore the photocatalytic properties of a material. To accomplish this, the UHV chamber
was equipped with a fiber optic feedthrough and LED light source, as depicted in Figure
2.1. To explore the photocatalytic reactions at the surface of a sample, the sample was first
dosed with a reagent at low temperature. Following saturation of the surface with the
reagent, the sample was then positioned in front of the LED light source and illuminated
with UV light for a given time interval. Following illumination, the sample was then
repositioned in front of the mass spectrometer and TPD performed. Activity of the sample
for various photocatalytic reactions was evaluated by comparing the TPD spectra obtained
with and without UV light exposure.
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ACETALDEHYDE ON ANATASE TiO2 NANOCRYSTALS1
Summary
The publications in this chapter and in Chapters 4, 5, and 6 resulted from a
collaboration with members of the Chris Murray lab in the Chemistry Department. This
study featured three sizes of the bipyramidal anatase nanoparticles along with two sizes of
the platelet anatase nanoparticles. This study demonstrated the efficacy of using traditional
surface science techniques to elucidate structure-activity relationships using films of welldefined nanocrystals. Specifically, this publication provided understanding into how
nanocrystal size and shape impact the activity for the thermal and photochemical reactions
for acetaldehyde on A-TiO2. The results obtained from the shape- and size-selected
nanoparticles clearly illustrated the roles that the edges and facets play in the catalyzing
competing aldehyde coupling pathways at their surfaces. Furthermore, this publication
illustrated how nanoparticle size and shape influences photocatalytic activity and gave
valuable insight into the underlying processes which govern photocatalytic processes.

1

This chapter was published as Pepin, P.A.; Benjamin, B.T.; Murray, C. B.; Vohs, J. M., Topics in Catalysis
(2017) 1-14.
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3.1

Introduction
Elucidating the relationships between surface structure and reactivity is important

for the rational design of catalysts. This is especially the case for metal oxides where the
coordination of exposed metal cations and defect concentrations (e.g. oxygen vacancies)
can vary significantly between exposed crystal planes. Surface science studies employing
well-defined single crystal metal oxide surfaces have in many cases been instrumental in
providing detailed insight into these structure-activity relationships. Consequently, various
single crystal surfaces of rutile TiO2 (R-TiO2) and to a much lesser extent anatase TiO2 (ATiO2) have been the subject of many such surface science studies. 30,31,34-39,42,79-86 While
such studies have provided useful insight, they require macroscopic single crystals that
may not be readily available for all materials of interest (e.g. A-TiO2). They also are not
particularly amenable for studying the synergistic effects between different exposed crystal
facets which may be important in some cases, such as photocatalytic reactions. 56,60,67,87-90
Well-defined nanocrystals of metal oxides provide an intermediary between single
crystals and high surface area polycrystalline materials. Methods for the synthesis of oxide
nanocrystals which have a high degree of control over crystallite morphology now allow
for these materials to be used to systematically study how crystallite size and shape,
exposed crystal planes, and undercoordinated sites at corners and edges affect catalytic and
photocatalytic properties. Indeed, such studies have recently started to appear in the
literature.22,48,60,67,87,88,91-93 For example, our group has recently used a series of A-TiO2
nanocrystals to explore how both crystallite size and exposed crystal planes affect the
thermal and photochemical reactions of adsorbed methanol. In that study, it was found that
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the activity for thermal coupling of methoxides to dimethyl ether strongly correlated with
the area of exposed (001) facets but that the activity for methanol photocoupling to methyl
formate was instead highest on the (101) facets.22 The work of Yu et al. provides another
example.67 They showed that, for a series of A-TiO2 nanocrystals of varying shape, the
photo-reduction of CO2 to CH4 was highest for A-TiO2 nanocrystals with nearly 50:50 ratio
of exposed (101) to (001) facets, suggesting that geometry may be tailored to maximize
photoactivity. In another example, Crampton et al. explored the photoactivity of R-TiO2
nanowires for photocoupling of methanol to methyl formate and observed a lower degree
of activity compared to the R-TiO2(110) single crystal surface, suggesting that crystallite
nanostructure also affects photoactivity.50 Additionally, photocatalytic activity has been
shown to depend on nanocrystal size.51,59,69,94 This is also demonstrated in Chapter 4 of this
dissertation for brookite-TiO2 (B-TiO2) nanorods where the activity for photo-oxidation of
methanol and acetaldehyde was found to increase with rod length. Cargnello et al. have
also observed a similar size trend for ethanol photo-reforming on Pt-decorated B-TiO 2
nanorods, with longer nanorods displaying higher activity for photocatalytic H 2
production.69
In the study presented here, we have clearly demonstrated how A-TiO2 crystallite
size and shape affect reactivity to include the thermal and photocatalytic reactions of
acetaldehyde on these nanocrystals. The nanocrystals used in this study (see Figure 3.1)
were either of a platelet morphology, exposing a high fraction of (001) facets, or a truncated
bipyramidal morphology, exposing primarily (101) facets. Individual samples were highly
monodisperse with sizes ranging from 10 nm up to 25 nm. Acetaldehyde was used as a
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probe reagent because it is capable of undergoing several structure-sensitive thermal
coupling reactions on TiO2 surfaces, as well as photo-oxidation, and studies of these
reactions on single crystal surface of TiO2 are available in the literature for comparison.34,84
3.2

Materials and Methods

3.2.1

Materials
The synthesis of the TiO2 nanocrystals used in this study has previously been

documented by Gordon et al. and also described in detail in our group’s previous
studies.22,46,94 Briefly, a stock solution of TiF4 and TiCl4 was added to a solution of
octadecene, oleic acid, and a co-surfactant (either oleylamine or 1-octadecanol) and heated
to 563 K. After formation of the seed crystals, additional stock solution was delivered via
a syringe pump. The size of the nanocrystals was controlled by varying the amounts of
additional stock solution added. The nanocrystal shape was determined by the choice of
co-surfactant and the ratio of TiF4 to TiCl4 in the stock solution, which affects the relative
surface energies of the (101) and (001) facets. Two different sizes of tetragonal bipyramidal
nanocrystals with a high degree of truncation, which will be described going forward as
platelets, were used in this study with lateral dimensions of 14 nm and 18 nm as determined
by transmission electron microscopy. The thickness of these platelets was found to be 6
nm for both sizes. Additionally, three different sizes of tetragonal bipyramidal nanocrystals
with significantly less truncation, which will be described going forward as truncated
bipyramids, were used which had corresponding dimensions of 3 nm across at the exposed
(001) surfaces for all three samples, and end-to-end dimensions of 10 nm, 18 nm, and 25
nm. A schematic of the two different nanocrystal morphologies used and the assignments
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of their exposed surface facets are given in Figure 3.1a. Images of the two platelet and three
bipyramidal nanocrystals used in this study are displayed in Figures 3.1b-c and 3.1d-f,
respectively.
The A-TiO2 nanocrystals were dissolved in hexane and drop-cast onto oxidized
silicon wafers to create thin films which could be used for temperature programmed

Figure 3.1. (a) Models of the platelet and bipyramidal A-TiO 2 nanocrystals showing the
exposed crystal planes. TEM micrographs of the as-synthesized platelet nanocrystals with
sizes 14, and 18 nm are displayed in panels (b) and (c). Bipyramidal nanocrystals with sizes
10 nm, 18 nm, and 25 nm are displayed in panels (d), (e), and (f), respectively. The inset in
Figure 3.1f displays the expected 112º angle between the bipyramid (001) end caps and (101)
sides.

desorption (TPD) studies in ultra-high vacuum (UHV). After allowing the solvent to
evaporate, each sample was placed in an UV-ozone cleaner for 3 hours to remove the
surface-bound ligands.
3.2.2

Ultra-high vacuum system
Experiments for gathering thermal and photochemistry TPD data were obtained in

an UHV chamber equipped with a Stanford Research Systems model 200 quadrupole mass
spectrometer. The base pressure of the UHV chamber was typically around 5 × 10 -10 Torr.
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The chamber was also equipped with a fiber optic feedthrough connected to a 365 nm UV
light source (Prizmatix), and a dosing needle. The photon flux from the UV source at the
sample was measured at ~ 1015 cm-2 s-1 as determined using a Thorlabs photodiode detector.
Reagents were introduced to the chamber from a stainless-steel manifold through a variable
leak valve connected to the dosing needle.
Thin film samples of the nanocrystals were prepared for use in the UHV chamber
by suspending in a hexane solution (~ 50 mg ml -1) and spin-casting onto oxidized single
crystal silicon wafers, which were cut to ~ 5 × 7 mm. These samples were mounted inside
the vacuum chambers using a Ta foil holder which was spot-welded to a manipulator
installed on top of the vacuum chamber. This setup allowed for the sample to be moved
inside the chamber and aligned with the either the dosing needle, UV source, or the mass
spectrometer. The sample was cooled by a liquid N2 cryostat inside the manipulator to ~165
K and resistively heated to 775 K. The sample temperature was measured by a type-K
thermocouple attached to the back of the silicon wafer using a ceramic adhesive by
Aremco. The nanocrystal films were annealed in 2 × 10-8 Torr O2 at 750 K for 15 minutes
to remove any remaining surface impurities following the UV-ozone cleaning process.
Acetaldehyde (CH3CHO) was dosed from a vial connected to the reagent manifold
and was purified by a series of at least three freeze-pump-thaw cycles to remove dissolved
air and other low-boiling impurities. TPD experiments were performed by positioning the
sample directly in front of the dosing needle and exposing to an acetaldehyde pressure of
2 × 10-9 Torr for the necessary length of time to obtain the desired surface coverage. The
dosing needle enhances the reactant flux to the front of the sample by a factor of ~10
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relative to that determined by the chamber pressure while dosing. For experiments
involving co-adsorbed O2, the sample was first dosed with O2 from a cylinder connected
to the reagent manifold in a similar manner as described above. All O 2-predosing
experiments performed in this study were conducted with a 20 L O 2 dose. After dosing O2,
the reagent manifold was evacuated and flushed with acetaldehyde vapor before dosing the
sample with acetaldehyde. For photocatalytic experiments, after dosing the sample with
acetaldehyde, the sample was repositioned in front of the UV feedthrough and illuminated
for the desired time interval. The sample was maintained at 165 K during reagent dosing
and UV illumination. After reagent dosing (and subsequent UV illumination when
necessary), the sample was repositioned in front of the mass spectrometer and TPD
experiments were conducted by recording the desorption products while heating the sample
at a rate of 3 K s-1. A quartz shroud with small aperture at the end was placed around the
mass spectrometer to minimize the contribution of desorption products from the samplemounting hardware.
Desorption products during TPD experiments were identified by their characteristic
fragmentation patterns and quantified using calculated mass spectrometer sensitivity
factors. An exhaustive search of masses was conducted to identify and confirm the reaction
products detected. The characteristic masses (m/z) that were used to quantify the products
formed during acetaldehyde TPD were: 14 and 42 (ketene, CH2CO), 18 (H2O), 28 (CO),
29 (acetaldehyde, CH3CHO), 44 (CO2), 45 (ethanol, CH3CH2OH), 54 (butadiene, C4H6),
56 (butane, C4H8), 57 (crotyl alcohol, CH3CH=CHCH2OH), 70 (crotonaldehyde,
CH3CH=CHCHO), and 72 (2-butanone, CH3CH2COCH3).
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3.3

Results

3.3.1

Catalyst Characterization
Figure 3.1 displays TEM images of the various nanocrystals used in this study.

From these images, as well as additional SEM images, it was determined that the two
platelet samples, which preferentially exposed (001) surfaces, had average lateral
dimensions of 14 nm and 18 nm (images b and c) with a constant thickness of 6 nm.
Consequently, the larger platelets exposed about 22 % lower (101) area than the smaller
platelets. The images of the three truncated bipyramidal samples which preferentially
expose (101) facets show very low polydispersity with the expected 112° angle between
the (001) and (101) facets readily apparent (see inset in Figure 3.1f). 39,95,96 Based on these
images and additional SEM images it was determined that the width of the capping (001)
planes remained fixed at 3 nm for all three samples so that the (101) to (001) facet ratio
increased with increasing crystallite size. As a result, the largest bipyramidal sample (25
nm end-to-end) exposed the highest fraction of (101) planes at about 98 %, which was
approximately 2.5 times greater than the smallest (10 nm) bipyramidal sample. A summary
table of the various nanocrystals used, and their corresponding geometric properties is
provided below.
Table 3.1: Geometric properties of the A-TiO2 nanocrystals.
Length (nm)*
Width (nm)†
Fraction of (101) facets exposed
Bipyramids
10
3
0.92
18
3
0.96
25
3
0.98
Platelets
6
14
0.45
6
18
0.40
*In (001) direction, or end-to-end dimension. †In (010) direction, at the widest point.
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Our group has previously reported XPS results for the A-TiO 2 nanocrystals used in
this study.94 As described in this earlier work, these experiments showed that after O2
annealing in UHV the nanocrystals were fully oxidized with no detectable adsorbed
fluorine and only a small amount of adventitious surface carbon contaminant.
3.3.2

Acetaldehyde Thermal Chemistry and Morphology Effects
TPD experiments were initially performed under dark conditions to explore the

thermal reactivity pathways of acetaldehyde on the TiO2 nanocrystals, and to provide
reference data for the photochemical experiments discussed later in this paper. For all thin
films used in this study, it was determined that an acetaldehyde dose of 5 L was sufficient
to saturate the surface of the nanocrystals. TPD spectra obtained from the 18 nm
bipyramids are presented in Figure 3.2a. These spectra show that acetaldehyde desorbs
largely unreacted in a peak centered at 290 K, although small amounts of reaction products
are also produced at higher temperatures. In particular, crotonaldehyde (CH 3CH=CHCHO)
is produced at 425 K and butene is produced at 475 K. The presence of both products
demonstrates that the 18 nm bipyramids are active for catalyzing both the aldol
condensation and the reductive coupling pathways for adsorbed acetaldehyde. Trace
amounts of butadiene was also observed at slightly higher temperatures and likely resulted
from further reaction of a portion of the butene product, although no crotyl alcohol was
detected from crotonaldehyde hydrogenation. Trace amounts of 2-butanone were detected
at 550 K. These reactivity observations are similar to those which have been reported for
other TiO2 surfaces.34,84,97-101
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Figure 3.2. TPD spectra obtained following 5 L CH3CHO dose at 165 K from (a) 18 nm ATiO2 bipyramids, (b) 18 nm A-TiO2 platelets, (c) 18 nm A-TiO2 bipyramids following 2 h UV
exposure, and (d) 18 nm A-TiO2 platelets following 2 h UV exposure.
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For comparison, acetaldehyde TPD spectra obtained from the 18 nm platelet
nanocrystals are shown in Figure 3.2b. These spectra are similar to those from the
bipyramids with the majority of the acetaldehyde desorbing intact below 400 K. The
primary reaction products were again crotonaldehyde at 455 K, and butene between 425
and 625 K, with slightly larger amounts of butadiene and butanone produced at 475 K and
590 K, respectively. Quantitative analysis of the TPD results for the two samples, however,
reveals that the 18 nm platelets were somewhat more reactive than the similarly-sized
bipyramids with 6% of the adsorbed acetaldehyde on the platelets reacting compared to
only 1.25 % on the bipyramids. This suggests that the (001) surface which is preferentially
exposed on the platelets is more reactive toward acetaldehyde than the (101) surface which
is preferentially exposed on the bipyramids. As shown in Figure 3.3, there were also
significant differences in the fractional yields of the carbon-containing reaction products
on the two samples, with the platelets favoring aldol condensation to produce
crotonaldehyde, and the bipyramids producing nearly equal amounts of crotonaldehyde
and the reductive-coupling product, butene.
Acetaldehyde TPD spectra similar to those displayed in Figures 3.2a and b were
also gathered for the other sizes of bipyramidal and platelet morphologies. Figure 3.4
presents the fractional yield of the carbon-containing reaction products produced during
acetaldehyde TPD from the 10 nm, 18 nm, and 25 nm bipyramidal nanocrystals. These
data show two distinct trends with increasing particle size: (1) the fractional yield of
crotonaldehyde increases with increasing particle size and (2) the fractional yield of butene
decreases with increasing particle size. For the platelets we only have data for two particle
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sizes, but as shown in Figure 3.5, the trends with platelet size are similar to those of the
bipyramids with the larger particles favoring crotonaldehyde production and the smaller
particles favoring butene production.

Figure 3.3. Fractional yield of carbon-containing products during CH 3CHO TPD for A-TiO2
bipyramids (18 nm) and platelets (18 nm).
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Figure 3.4. Fractional yield of carbon-containing products during CH 3CHO TPD for 10 nm,
18 nm, and 25 nm A-TiO2 bipyramids.

Figure 3.5. Fractional yield of carbon-containing products during CH 3CHO TPD for 14 nm
and 18 nm A-TiO2 platelets.
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To investigate how the presence of adsorbed oxygen affects activity, TPD
experiments were also performed with nanocrystals co-dosed with oxygen and
acetaldehyde. In these experiments the nanocrystals were first dosed with 20 L oxygen,
followed by a 5 L dose of acetaldehyde before performing TPD. Figure 3.6 shows the
impact of adsorbed oxygen on product selectivity for the 10 nm A-TiO 2 bipyramids, which
were most selective for butene. Note that the presence of adsorbed oxygen greatly enhances
selectivity toward crotonaldehyde at the expense of butene. In addition to shifting the
selectivity towards crotonaldehyde, adsorbed oxygen also leads to an increase in the
amount of ketene produced. As shown in Figure 3.7, nearly identical results were observed
for the 14 nm platelet sample.

Figure 3.6. Fractional yield of carbon-containing products during CH 3CHO TPD for 10 nm
A-TiO2 bipyramids with and without 20 L O2 dose.
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Figure 3.7. Fractional yield of carbon-containing products during CH 3CHO TPD for 14 nm
A-TiO2 platelets with and without 20 L O2 dose.

3.3.3

Photoactivity Experiments and Morphology Effects
As described in the methods section, the photocatalytic activity of the A-TiO 2

nanocrystals was characterized by exposing acetaldehyde-dosed samples to UV light
followed by TPD. TPD spectra for the 18 nm bipyramids following a 2 h UV exposure are
presented in Figure 3.2c. These data show that the UV exposure did not cause a decrease
in the desorption signal for acetaldehyde, indicating that photo-desorption of acetaldehyde
does not occur to any appreciable extent as has been reported in some instances for other
TiO2 surfaces.35,101-103 Exposure to UV light did, however, induce photochemical reactions
as evidenced by small changes in the product distribution and more importantly the
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appearance of ketene as a significant product at 670 K. Analogous data for the 18 nm
platelets are displayed in Figure 3.2d and also show ketene as a desorption product
following UV exposure for 2 h. The TPD spectra in Figures 3.2c and d show that the
amount of ketene produced from the platelet sample is significantly larger than that from
the bipyramidal sample. These TPD results are similar to those obtained in another study
of ours, published in Chapter 4 of this dissertation, with B-TiO 2 nanorods which were also
found to produce ketene from acetaldehyde following UV light exposure. In that study,
ketene production was found to follow the reaction sequence shown in Equation 3.1 which
proceeds via photo-oxidation of adsorbed acetaldehyde to produce stable acetate species
which thermally decompose above 600 K to produce ketene:
𝐶𝐻 𝐶𝐻𝑂(

)

+𝑂( ) → 𝐶𝐻 𝐶𝑂𝑂(

)

+ 𝐻(

)

⎯ 𝐶𝐻 𝐶𝑂 + 𝐻 𝑂

(3.1)

Thus, the ketene product formed by UV exposure indicates that these samples are active
for photo-oxidation of acetaldehyde to surface acetate. As mentioned above, ketene
production was also observed for the nanocrystals predosed with oxygen, suggesting that
a separate thermal pathway for the partial oxidation of acetaldehyde to acetate occurs in
the presence of adsorbed oxygen.
It should be noted that other studies have reported photo-induced methyl radical
ejection from adsorbed acetaldehyde on TiO2 resulting in the formation of a surface
formate species. Like acetates, formates are relatively stable on TiO 2 and decompose
between 550 and 600 K to produce CO and CO2.35,104 The absence of these formate
decomposition products in the present study indicates that this additional photo-oxidation
pathway does not readily occur on the bipyramidal and platelet A-TiO 2 nanocrystals.
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To further investigate the differences in activity for the photo-oxidation of adsorbed
acetaldehyde to acetate between the bipyramidal and platelet nanocrystal morphologies,
the amount of ketene produced during a TPD run was measured as a function of the UV
light exposure interval. These data for the 18 nm bipyramidal and platelet samples are
displayed in Figure 3.8. Note that the data have been normalized to account for difference
in the surface area between the two samples. The trends in the data are similar with the
amount of ketene produced increasing with increasing UV exposure, further confirming
the photochemical nature of the overall reaction pathway. The data also show that for a
given UV exposure interval the platelet nanocrystals produce significantly more ketene
than the bipyramidal nanocrystals, thus, indicating that they have higher photocatalytic
activity. As will be discussed below, this difference in activity is likely related to the
proportion of exposed (101) and (001) planes in the two samples and suggests that the
(001) surface which is preferentially exposed in the platelets has higher activity for the
photo-oxidation of acetaldehyde to acetate compared to the (101) plane. This shapedependency is also evident when one compares the ketene yields as a function of UV
exposure for the 10 nm bipyramids and the 14 nm platelets (see data in Figures 3.9 and
3.10), although the respective nanocrystal sizes are slightly less comparable here.
Various studies of the photocatalytic activity of oxide nanocrystals, 51,59,69,94 including our
investigation of B-TiO2 nanorods in chapter 4, have demonstrated that crystallite size can
have a large impact on the photocatalytic activity of a material. In the present study, we
also investigated the impact of crystallite size on photoactivity for the different A-TiO 2
nanocrystal morphologies. Figure 3.9 displays the ketene yields during acetaldehyde TPD
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as a function of UV exposure for the 10 nm, 18 nm, and 25 nm bipyramidal nanocrystal
films. Similarly, Figure 3.10 presents ketene yields from acetaldehyde TPD as a function
of UV exposure for the 14 nm and 18 nm platelet nanocrystal films. These data have again
been normalized to correct for the differences in total surface area between the samples.
These two figures illustrate that crystallite size plays a large role in influencing
photocatalytic activity and show that in both cases photo-activity increases with increasing
particle size.

Figure 3.8. Ketene yields from TPD of 5 L CH3CHO-dosed 18 nm A-TiO2 bipyramids and
platelets as a function of UV illumination interval.
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Figure 3.9. Ketene yields from TPD of 5 L CH3CHO-dosed A-TiO2 bipyramids as a function
of UV illumination interval and nanocrystal size.

Figure 3.10. Ketene yields from TPD of 5 L CH3CHO-dosed A-TiO2 platelets as a function of
UV illumination interval and nanocrystal size.

72

Since predosing with O2 was found to increase the activity of the A-TiO2
nanocrystals for the thermal oxidation of adsorbed acetaldehyde to acetate, the effect of
adsorbed oxygen on the photocatalytic activity of the nanocrystals was also investigated.
In these experiments the nanocrystal films were sequentially dosed with 20 L O 2 and then
5 L acetaldehyde and then exposed to UV light for a predetermined time interval, followed
by TPD. As previously mentioned, the samples were kept at 165 K throughout dosing and
UV exposure. Figures 3.11 and 3.12 display the yield of ketene produced during each TPD
run as a function of UV exposure with and without O2 predosing for the 10 nm bipyramids
and 14 nm platelets, respectively. As was previously discussed, for both samples, the
ketene yield increased under dark conditions upon O 2 predosing; however, the presence of
adsorbed oxygen appears to have little to no impact on the rate of photo-generated adsorbed
acetate, as the increase in ketene yield for the UV exposed O2-predosed samples is
essentially always equal to that obtained for the non-O2-predosed samples.
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Figure 3.11. Ketene yields from TPD of 5 L CH3CHO-dosed 10 nm A-TiO2 bipyramids, with
and without pre-adsorbed oxygen, as a function of UV illumination interval.
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Figure 3.12. Ketene yields from TPD of 5 L CH3CHO-dosed 14 nm A-TiO2 platelets, with and
without pre-adsorbed oxygen, as a function of UV illumination interval.
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3.4

Discussion
The results obtained in this study demonstrate the large influence that both size and

shape have on the thermal and photochemical reactivity of acetaldehyde on A-TiO 2
nanocrystals and the utility of using well-controlled nanocrystals as model catalysts. As
described above, acetaldehyde was found to adsorb largely reversibly on the A-TiO 2
nanocrystals, with only a small fraction undergoing coupling reactions to produce higher
molecular weight products. Two separate thermal coupling pathways were observed on
both the bipyramidal and platelet morphologies, aldol condensation to crotonaldehyde and
reductive coupling to butene. These acetaldehyde coupling pathways have been widely
reported for other TiO2 surfaces;34,84,97-100 however, as will be discussed in detail shortly,
the selectivity toward these two pathways observed in this study was found to be highly
dependent on both crystallite morphology and size. While acetaldehyde adsorbed on both
the bipyramidal and platelet morphologies in a primarily reversible manner, the 18 nm
platelets demonstrated about five-fold higher activity for acetaldehyde conversion to the
primary coupling products than the 18 nm bipyramidal nanocrystals. From this, we
conclude that the (001) surface, which is predominantly exposed by the platelets, is the
more active surface for acetaldehyde thermal coupling than the (101) surface which is
predominantly exposed by the bipyramidal nanocrystals. The high activity of the platelets
for acetaldehyde coupling is not surprising, given the results of previous studies, which
have reported that the (001) surface is the more active of the two surfaces for other
chemistries such as alcohol and water dissociation. 96,105,106
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In addition to demonstrating different degrees of activity for thermal coupling, the
data in Figure 3.3 shows that morphology also has a large impact on product selectivity,
with the 18 nm platelets favoring the aldol condensation pathway to crotonaldehyde and
the 18 nm bipyramids favoring reductive coupling to butene. Given this shift in selectivity,
it is tempting to attribute the difference in selectivity to the fraction (001) and (101) facets
exposed by the nanocrystals, with the (001) facets favoring mainly aldol condensation to
crotonaldehyde and the (101) facets favoring reductive coupling to butene. A comparison
of the TPD spectra for the two morphologies (Figures 3.2a and b) shows that
crotonaldehyde yield is indeed almost ten-fold higher for the platelets than the bipyramids;
however, the butene yield between the two samples is still comparable. An attempt to
normalize the yields of crotonaldehyde to the fraction of (001) facet exposed for the two
platelet and three bipyramidal samples used in this study also indicated no correlation
between crotonaldehyde yield and (001) surface area. Furthermore, the product fractional
yield data in Figure 3.4 clearly demonstrates that high selectivity toward crotonaldehyde is
obtained from the 25 nm bipyramidal nanocrystals, which expose the highest fraction of
(101) facets of any of the nanocrystals used in this study.
At this point, to understand the relationships between nanocrystal shape and size
on thermal selectivity toward either crotonaldehyde or butene, it is important to examine
the mechanisms for crotonaldehyde and butene production on TiO 2. It is generally accepted
that acetaldehyde adsorption occurs either through hydrogen bonding of the carbonyl group
with surface hydroxyls or by direct coordination of the carbonyl oxygen electron lone pairs
with an exposed Ti cation.97,100,107 The very low H2O partial pressure in the UHV chamber
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coupled with annealing the samples in O2 would minimize or eliminate adsorbed
hydroxyls, thus the latter adsorption mechanism likely dominates in the present study.
Aldol condensation is initiated by α-hydrogen abstraction from an adsorbed
acetaldehyde by a nearby lattice oxygen atom, which acts as a Lewis base site, to yield an
adsorbed enolate species.34,84,98,107
𝐶𝐻 𝐶𝐻𝑂(

)

+ 𝑂( ) → −𝐶𝐻 𝐶𝐻𝑂(

)

+ 𝑂𝐻(

(3.2)

)

The nucleophilic enolate species may then attack the carbonyl carbon of a nearby CH 3CHO
to form crotonaldehyde.
−𝐶𝐻 𝐶𝐻𝑂(
2𝑂𝐻(

)
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)

+ 𝑂𝐻(

)

(3.3)
(3.4)

→ 𝐻 𝑂 + 𝑂( )

The water peak observed at 380 K for both the bipyramidal and platelet samples in
Figures 3.2a and b supports this mechanism and suggests that the crotonaldehyde peak (425
K and 455 K for the bipyramidal and platelet samples, respectively) is not reaction limited,
but rather conversion to crotonaldehyde is limited by the availability of basic oxygen sites,
as has been previously suggested.84
Conversely, butene production occurs via the McMurry reaction, where two
adsorbed CH3CHO species react to give a pinacolate intermediate by carbon-carbon bond
formation between the two carbonyl groups on a reduced oxide surface. The pinacolate
intermediate then deoxygenates upon heating to give the product alkene while also reoxidizing the surface.108
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As this mechanism indicates, re-oxidation of the reduced oxide surface is thought
to be the main driving force for butene production. In addition, this mechanism suggests
that two adjacent reduced metal cation sites (or oxygen vacancy sites) are needed for this
coupling reaction to occur. The O2 predosing results for the 10 nm bipyramids presented
in Figure 3.6 support both the aldol condensation and McMurry coupling mechanisms
presented above, showing that selectivity toward butene decreases 96% in favor of
crotonaldehyde and ketene upon predosing the 10 nm bipyramids with 20 L oxygen (i.e.
upon producing a fully oxidized surface). The data from the 14 nm platelets (Figure 3.7)
demonstrate similar behavior, showing a 95% decrease in butene selectivity upon O 2
predosing. Indeed, the dependence in selectivity for McMurry coupling and aldol
condensation pathways over more highly reduced TiO2 surfaces has been well-documented
by Idriss et al. who showed, using both single and polycrystalline TiO2 surfaces, that butene
selectivity decreases as the surface is re-oxidized through high temperature annealing,
78

which in turn produces more crotonaldehyde.34,84 Similarly, high selectivity for other
alkene products has also been widely observed from their parent aldehydes over reduced
oxide surfaces.34,80-84,98,109
Thus, while crotonaldehyde production occurs on fully oxidized surfaces, butene
production appears to require a more reduced surface with highly undercoordinated Ti sites .
Given the surface requirements for these competing coupling products, the similarities in
butene yield between the two 18 nm morphologies leads us to conclude that McMurry
coupling is likely not occurring on the planar (101) facets of the nanocrystals, but instead
at the nanocrystal edges which are exposed in roughly equal proportion for these two
similarly-sized crystallites. Note that these edges would be expected to contain a high
proportion of adjacent undercoordinated Ti cations that are required for this reaction. This
conclusion is supported by the fractional yield trends in Figure 3.4, which show that butene
selectivity is lowest for the 25 nm bipyramids, which present both the highest fraction of
exposed (101) facets and lowest ratio of edge to planar sites of the three bipyramidal
samples used in this study. Conversely, the 10 nm bipyramids, which expose the highest
ratio of adjacent undercoordinated edge sites to planar sites of the nanocrystal samples used
in this study, demonstrate the highest selectivity toward butene. Figure 3.5 also shows that
the platelets have a similar size-dependence for selectivity, with the 18 nm platelets
displaying approximately 2.5-fold greater selectivity toward crotonaldehyde than the 14
nm platelets. A recent TPD study of the reaction of acetaldehyde on a A-TiO 2(101) single
crystal surface also supports this conclusion.101 In that study it was reported that
acetaldehyde primarily reacts on a vacuum annealed (101) surface to produce
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crotonaldehyde, albeit with relatively low yield, and that McMurray coupling to produce
butene does not occur on this surface. The absence of butene production in that study was
attributed to the low concentration of surface oxygen defects on the (101) surface, even
after vacuum annealing. Additionally, a scanning tunneling microscopy (STM) study
conducted by He et al. showed that surface oxygen vacancies readily diffuse subsurface,
resulting in a very low concentration of surface defects on A-TiO2(101) even after vacuum
annealing.110
These two studies support our conclusion that McMurry coupling is not occurring
on the A-TiO2(101) surface to any appreciable extent, but is instead occurring at the highly
undercoordinated Ti cations at the edges of the nanocrystals. Parallel to this, we also
conclude that the (001) surface is the most active surface for aldol condensation, given the
high activity for crotonaldehyde production on the 18 nm platelets compared to the 18 nm
bipyramids, although the (101) surface appears to still have some activity for this reaction
as previously noted.
The O2 predosing experiments generally support the proposed pathways for
crotonaldehyde and butene production since this shifts the selectivity toward
crotonaldehyde. It has previously been shown that O2 adsorbs dissociatively at O2 vacancy
sites on TiO2 surfaces, filling the vacancy and leaving a reactive oxygen adatom at a nearby
exposed Ti cation.50,85 The ability for O2 dosing to quench butene production in favor of
crotonaldehyde therefore indicates that O2 readily adsorbs at the oxygen vacancies located
at the nanocrystal surfaces, particularly at the highly undercoordinated edges effectively
re-oxidizing these sites. The increase in ketene production observed from the O 2 predosed
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nanocrystals, as indicated in Figures 3.6 and 3.7, is also consistent with the dissociative
adsorption mechanism for O2, given that the resulting oxygen adatoms are likely active for
thermally oxidizing adsorbed acetaldehyde to acetate.
As previously mentioned, the TPD spectra for the 18 nm nanocrystals in Figures
3.2c and d indicate that the bipyramidal and platelet morphologies are both active for
acetaldehyde photo-oxidation to acetate, per the reaction scheme given in Equation 3.1.
Also, Figure 3.8 shows that the platelet morphology has higher activity for acetaldehyde
photo-oxidation than the bipyramidal morphology of similar size. Additionally, Figures 3.9
and 3.10 show that, for both morphologies, nanocrystal size has a large impact on
photoactivity. The photochemical trends observed in this study show monotonic increase
in ketene yield with UV exposure interval, with the rate decreasing only slightly over the
range of UV exposure intervals studied, indicating that the accumulation of photogenerated electrons or holes at the nanocrystal surfaces with exposure time is minimal. To
understand how shape and size are impacting the photoactivity of the nanocrystals it is first
helpful to consider the steps involved in the photo-oxidation reaction: (1) an electron-hole
pair is generated by photo-excitation of an e- across the TiO2 band gap, (2) charge carrier
diffusion to the surface, and (3) charge transfer to an adsorbed surface species. Competing
with these steps is electron-hole recombination, either at the surface or in the bulk. Thus,
maintaining charge carrier separation to prevent electron-hole recombination throughout
this process is important for achieving materials with high photoactivity.
Multiple studies have shown that charge carrier separation is induced by wellfaceted TiO2 nanocrystals, where the difference in energy levels between the facets drives
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electrons and holes to the different crystal faces, specifically holes to the higher energy
(001) surface and electrons to the lower energy (101) surface. 56,60,67,90 Other studies have
suggested that this preferential diffusion of the photo-generated electrons and holes to
different facets results in an optimum ratio of the two exposed facets for high photoactivity
where there is balance between the number of electron and hole trapping sites on the
surface. The general idea here is that this situation will help prevent spillover of charge
carriers at adjacent facet edges which will in turn enhance the lifetime of the surface
trapped electrons and holes.61,67 It has also been suggested that the ratio of exposed facets
may impact photoactivity by providing the highest number of sites in close proximity to a
(101)-(001) intersection, thereby minimizing the path length for charge carrier diffusion
and minimizing recombination in the bulk. 22
Nanocrystal size is also an important factor for enhancing photoactivity. 51,59,69,94
Our recent study with B-TiO2 nanorods, given in Chapter 4, provides a good demonstration
of this where it was observed that the activity for acetaldehyde photo-oxidation increased
with rod length. The higher photoactivity of the longer nanorods was attributed to their
larger volume which allowed for improved electron delocalization from photo-generated
holes and thus a lower incidence of recombination. This is also consistent with another
recent study that used bare and Pt-decorated B-TiO2 nanorods, which found that the
lifetimes of charge carriers increased with increasing nanorod length. 69
The above studies illustrate how the ratio of exposed surface facets as well as
nanocrystal size both influence photocatalytic activity of a material. It is also useful to
consider how these two factors may coordinatively influence the photoactivity of a
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material, since these parameters appear to be competing in certain cases. For example, the
results from the nanorod studies discussed above suggest that length is a dominating
parameter for influencing photoactivity. The use of the well-defined nanocrystals of
varying shape and size in the present study gave us the opportunity to systematically
examine how these various factors may influence the overall photoactivity of a material.
Given the results in Figure 3.8 which show that the 18 nm platelets have much
higher photoactivity for ketene production than the 18 nm bipyramids, we conclude that,
for nanocrystals of similar size, controlling the ratio of exposed (101) and (001) facets is
indeed an important parameter to control for optimizing photoactivity: the higher activity
of the platelets for acetaldehyde photo-oxidation is consistent with the aforementioned
studies which also conclude that the (001) facet is primarily photo-oxidizing. 56,60,67,90
Additionally, we note that the ratio of (001) to (101) facets is much more comparable for
the platelets than the bipyramids and is also a likely contributing factor for their high
photoactivity.
Figure 3.9 shows that the ketene yield from the 25 nm bipyramids is about threefold higher than that from the 10 nm bipyramids after a 20 minute UV exposure, suggesting
that there is a significant size effect as well. Furthermore, these data suggest that, at this
length scale, balancing the ratio of (101) to (001) facets is less important for photoactivity
than nanocrystal size: As previously noted, the TEM images revealed that the area of the
exposed (001) end caps remained unchanged as the nanocrystals increased in size, resulting
in the 25 nm bipyramids only exposing about one quarter the surface area of (001) planes
as the 10 nm bipyramids, creating an even greater imbalance in the ratio of (101) to (001)
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facets. This size-dependence on photoactivity is in fact so significant at this length scale
that the 25 nm bipyramids out-perform the 14 nm platelets, producing 17 % more ketene
after 20 minutes of UV exposure (see data in Figures 3.9 and 3.10). These results further
illustrate size effects and emphasize that they need be considered when comparing various
photocatalysts and when attempting to optimize photocatalytic activity.
Although the photochemical product observed in this study for both morphologies
was adsorbed acetate which reacted on to ketene (see Equation 3.1), it is noteworthy that
this result is in contrast to that reported previously by Geng et al. who used TPD to study
the photocatalytic reactions of acetaldehyde on a A-TiO2(101) single crystal surface and
observed 2-butanone as the primary photochemical product. 101 Geng et al. also reported
that, aside from crotonaldehyde, 2-butanone production was the primary thermal pathway
on the (101) surface. This thermal 2-butanone product was attributed to the partial deoxygenation of pinacolate species formed near Ti interstitials located just below the (101)
surface, which act as the low-valence Ti cations required for pinacolate coupling per
Equation 3.5.101 The photoactivity of the A-TiO 2(101) surface for the production of 2butanone from acetaldehyde was attributed to the photo-reduction of surface Ti 5c (Ti4+)
cations to (Ti3+) upon UV exposure, which similarly acted as the necessary low-valence
sites for the formation of the pinacolate intermediate.101 In the present study, 2-butanone
was only observed from the nanocrystals in trace amounts and was not detected as a
photochemical product. The large difference in activity for thermal 2-butanone production
observed for the A-TiO2(101) single crystal surface and the A-TiO2(101) surfaces in the
nanocrystals used here could perhaps be due to differences in the concentration of defects
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(e.g. Ti interstitials) between the two types of samples. If this is indeed the case it could
also help explain the difference in photoactivity observed for the two types of samples
since it has been proposed that near-surface Ti interstitials may also act as trap sites for
photo-generated charge carriers and help steer them to nearby adsorbed species. 110
Finally, it is useful to consider how O2 predosing affected the activity for the
photocatalytic oxidation of adsorbed acetaldehyde to acetate. Although the reaction scheme
for acetaldehyde oxidation to surface acetate according to Equation 3.1 is a generally
accepted photo-oxidative pathway for acetaldehyde on TiO2, the mechanism by which it
occurs and the role of undercoordinated Ti cations, such as oxygen vacancies or edges, is
not well understood. However, it has been reported that surface defects such as oxygen
vacancies may have a positive influence on photoactivity, acting as electron trap sites and
reducing bulk recombination.111 Thus, the ability for the O2 predosing step to re-oxidize
the nanocrystals provides insight on the reliance of the acetaldehyde photo-oxidation
pathway on undercoordinated edge and vacancy sites as well as any benefit gained by
electron-trapping at these vacancies.
As described in the results section, Figures 3.11 and 3.12 illustrate that while O 2
predosing clearly increased the yield of ketene via thermal acetaldehyde oxidation on the
nanocrystals, the rate of photo-generated ketene appeared to be unaffected, as the increase
in ketene yield as a function of the UV exposure interval for both the bare and O 2-predosed
nanocrystals was essentially the same. The independence of photo-activity on the
availability of oxygen vacancies at the nanocrystal planes or edges therefore indicates that
acetaldehyde photo-oxidation is taking place at five-fold coordinated Ti cations on the fully
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oxidized planar sites and not at more highly undercoordinated edges or oxygen vacancies.
These results also indicate that electron trapping at the nanocrystal edges or oxygen
vacancy sites does not occur to any appreciable extent.
3.5

Conclusions
The results from this study provide insight into how nanocrystal size and shape

impact the activity for the thermal and photochemical reactions for acetaldehyde on ATiO2. For A-TiO2 bipyramidal and platelet nanocrystals it was found that the primary
thermal reaction pathways were aldol condensation to produce crotonaldehyde and
reductive McMurry coupling to produce butene. TPD data as a function of crystallite shape
and size revealed that aldol condensation occurs mainly on the fully oxidized planar sites,
while McMurry coupling occurs primarily at the undercoordinated nanocrystal edges.
Given these site assignments for aldol condensation and McMurry coupling, selectivity for
crotonaldehyde and butene may be tuned by carefully controlling nanocrystal geometry.
Photochemistry experiments demonstrated that both the A-TiO2 platelet and
bipyramidal nanocrystals were active for acetaldehyde photo-oxidation, with the platelets
demonstrating much higher activity. This high activity can be attributed to a greater
fraction of exposed photo-oxidizing (001) facets at their surface, which were balanced by
a comparable fraction of (101) facets to maintain charge separation between the photogenerated charge carriers. Although the nanocrystals demonstrated this photocatalytic
shape dependence, it was also found that, at the length scale of the nanocrystals used in
this study, crystallite size had a large impact on photoactivity. The impact of crystallite size
was in fact of such significance that the 25 nm bipyramidal nanocrystals which exposed
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predominantly (101) faceted surfaces displayed higher photoactivity than the 14 nm
platelet nanocrystals which exposed nearly equal fractions of (101) and (001) facets.
The trends in ketene yield as a function of UV exposure from both the bare and O 2predosed samples showed that the concentration of oxygen vacancies on the nanocrystals
had no effect on the photoactivity of the nanocrystals, indicating that highly
undercoordinated Ti cations located primarily at the nanocrystal edges were not involved
in either the acetaldehyde photo-oxidation pathway or in trapping photo-generated charge
carriers to inhibit recombination. Instead, the independence of crystallite photoactivity on
the oxidation state of the surface suggests that acetaldehyde photo-oxidation occurs
primarily at five-fold Ti cations exposed on the fully oxidized planar surfaces.
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CHAPTER 4. THERMAL AND PHOTOCHEMICAL REACTIONS OF
METHANOL,

ACETALDEHYDE,

AND

ACETIC

ACID

ON

BROOKITE TiO2 NANORODS2
Summary
This publication featured a system of brookite TiO2 nanorods consisting of three
highly monodispersed samples, each with a distinct rod length, which were used to explore
the relationships between nanostructure and thermal and photocatalytic activity. As
previously mentioned, the nanorods used in this chapter resulted from a collaboration with
members of the Chris Murray lab in the Chemistry Department. These nanorods were again
cast into thin films, which allowed for using traditional surface science spectroscopic
techniques. The results obtained using these nanorods gave valuable insight about the
surface structure of this lesser-known phase of TiO2 and about how surface structure
influenced the thermal activity of the nanorods toward methanol, acetaldehyde, and acetic
acid. Also, photocatalytic experiments clearly illustrated the influence of particle size on
photocatalytic activity. Specifically, it was found that longer nanorods possessed higher
photoactivity, both for the photo-oxidation of methanol and acetaldehyde. This length
dependence was attributed to enhanced delocalization of the photo-excited electrons in the
longer rods, thereby decreasing the rate of electron-hole recombination.

2

This chapter was published as Pepin, P.A.; Benjamin, B.T.; Choi, H.J.; Murray, C. B.; Vohs, J. M., The
Journal of Physical Chemistry C, 121 (2017) 11488-11498.
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4.1

Introduction
Photocatalytic materials have the potential for a wide range of applications,

including the storage of solar energy through chemical transformations such as watersplitting, air and water purification, and providing alternative low-energy reaction
pathways for conventional industrial thermochemical processes. TiO2 is a prototypical
photocatalyst which is active for many of these reactions. It has a band gap of ~3 eV, such
that it adsorbs light in the UV region of the spectrum, and has been the subject of numerous
investigations. Of the three naturally occurring polymorphs of titania, rutile (R-TiO 2),
anatase (A-TiO2), and brookite (B-TiO2), the two former have received the most attention
and the relationships between reactivity, surface structure, and in some cases bulk
crystallite size and shape have been elucidated for a variety of catalytic and photocatalytic
reactions.14,21,22,25,29-39,56,94,112,113 In this regard, studies employing single crystals or
epitaxial thin films of these materials have provided much insight into how the local atomic
structure of TiO2 surfaces affect activity.21,29-38 The reader is referred to several excellent
review articles that describe this body of work.14,25,39
In contrast to R-TiO2 and A-TiO2, little is currently known about the catalytic and
photocatalytic properties of the metastable brookite phase which has, until recently, proven
difficult to synthesize in its pure form. The development of synthesis procedures for BTiO2, however, have now motivated studies of its catalytic properties. For example, Li et
al.114 as well as Murikami et al.115 have studied the reactivity of B-TiO2 nanoparticles
synthesized using a hydrothermal method and observed that they are highly active for the
photodecomposition of acetaldehyde under various conditions. Other recent studies have
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investigated the effect of bulk particle size on the photocatalytic activity of B-TiO 2
nanocrystals.57,69 For example, Ohno et al. studied photocatalytic oxidation of acetaldehyde
to CO2 in air over B-TiO2 nanorods of various aspect ratios both with and without an Fe3+
dopant. They observed that the photocatalytic activity was aspect ratio dependent, with
higher aspect ratios displaying higher activity.57 Similarly, Cargnello et al. have recently
reported that the aqueous phase photo-reforming of ethanol to produce H 2 over B-TiO2
nanorods decorated with Pt nanoparticles exhibits a strong length dependence. They
attributed this trend to enhanced separation of photo-generated electrons and holes in
longer nanorods which increases the probability that the holes will diffuse to an exposed
surface and react with adsorbates prior to electron-hole recombination. 69
The aim of the present study was twofold: first to investigate the adsorption and
thermally induced reactions of the simple oxygenates, methanol, acetaldehyde, and acetic
acid, on the brookite phase of titania and to compare this reactivity to what has previously
been observed for the R-TiO2 and A-TiO2 phases, and second to investigate the
photocatalytic activity of the brookite phase for both the oxidation and the reductive
coupling of oxygenates. Size-selected B-TiO2 nanorods were used in the study, thereby
allowing us to also further investigate the effect of nanorod length on photocatalytic
activity.

90

4.2

Materials and Methods

4.2.1

Materials
B-TiO2 nanorods were synthesized using the method described in detail by

Buonsanti et al.77 The procedure consisted of initially combining 10 mL oleylamine (70%,
Sigma-Aldrich), 10 mL octadecene (90%, Acros), and 0.5 mL oleic acid (90%, SigmaAldrich) followed by heating under vacuum at 393 K for 1 hour and then cooling to 333 K
under nitrogen flow. 1.5 mL of titanium precursor solution (75 mL of 0.2 M, of octadecene,
23.6 mL oleic acid, and 1.65 mL titanium tetrachloride (99.9%, Acros)) was then injected
followed by heating to 563 K. After holding at this temperature for 10 minutes, additional
titanium precursor solution was dropwise added at a rate of 0.3 mL min -1. The reaction
flask was then allowed to cool to 323 K. The size of the nanorods was controlled by
adjusting the volume of the dropwise added solution. Three separate B-TiO 2 rod lengths,
21 nm, 27 nm, and 35 nm were used in this study. The standard deviation of the rod lengths
for each sample was 1.4 nm, 2.2 nm, and 3.1 nm, respectively.
Purification of the nanorods was performed by adding 10 mL of toluene to the
reaction flask and centrifuging at 8000 rpm for 5 minutes. The precipitate was redispersed
as a clear solution in toluene mixed with 100 µL of oleylamine to improve solubility, then
precipitated again with isopropanol. Further washing in hexane was used to remove any
excess organic material. The band gap of similarly-fabricated B-TiO 2 nanorods has been
measured previously by Cargnello et al. using diffuse-reflectance UV-VIS spectroscopy
and found to be 3.4 eV and independent of rod length.69 This value is slightly larger than
that of the anatase and rutile phases.
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A-TiO2 nanoparticles with a platelet morphology were also synthesized using a
procedure similar to that for synthesis of the nanorods and is described in detail by Gordon
et al.46 The nanoplatelets were measured to be 18 nm across using SEM as described below.
The reactivity of CH3OH on these nanocrystals has been studied extensively and reported
by Bennett et al.22 In this study, we again employed these platelet nanocrystals for
comparative purposes to study the dependence of reactivity of CH 3CHO and CH3COOH
on surface structure.
4.2.2

Sample characterization
Temperature-programmed desorption (TPD) was used to characterize the reactivity

of both powder and thin film samples. B-TiO2 nanorod thin films that were used for TPD
studies carried out in ultra-high vacuum (UHV) were prepared by drop-casting the B-TiO 2
nanorods dissolved in hexane onto an oxidized silicon wafer. After allowing the solvent to
evaporate each sample was placed in a UV-ozone cleaner for 3 hours to remove surfacebound ligands. Powder samples were prepared by dissolving the B-TiO 2 nanorods in a
biphasic mixture of hexane and dimethylformamide to which nitrosonium tetrafluoroborate
was added at an equivalent weight ratio to the nanorods. The mixture was shaken
vigorously and the particles were flocculated using toluene and acetonitrile. An additional
washing step was performed by dissolving the sample in dimethylformamide and
precipitating again with toluene. The precipitate was dried overnight in a vacuum oven at
363 K and the resulting white solid was ground to a fine powder using a mortar and pestle.
A high vacuum TPD, thermogravimetric analysis (TGA) instrument was used to
characterize the reactivity of oxygenates on the unsupported B-TiO2 nanorod samples and
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to determine the coverage of adsorbed intermediates. The turbo-pumped system consisted
of a microbalance (Parr Instrument Co.) in which the sample was held in a tantalum holder
suspended in a quartz tube. The sample was heated radiantly by an external heating
element. The temperature was measured using a type-K thermocouple in contact with the
quartz tube. The vacuum system also housed a quadrupole mass spectrometer (Stanford
Research Systems) which was used to monitor desorption products during TPD
experiments and a dosing manifold for admitting controlled amounts of reactant gasses into
the vacuum chamber. Fresh powder samples were initially heated in vacuum to 523 K to
remove adsorbed species. In a typical TPD/TGA experiment the sample was exposed to
the reactant vapor followed by evacuation to less than 1 × 10-8 torr for 1 h to remove any
condensed species. The sample was then heated at 10 K min -1 up to 773 K while monitoring
its mass and the desorbing species using the mass spectrometer.
TPD experiments for the thin film B-TiO2 samples were conducted using a UHV
chamber equipped with a quadrupole mass spectrometer (Stanford Research Systems) and
an electron gun and electron energy analyzer for performing Auger electron spectroscopy
(AES). The UHV system was also equipped with a 365 nm UV LED monochromatic light
source (Prizmatix) connected via fiber optic cables and feedthrough to facilitate
illuminating a sample with UV light. Reactants, CH3OH (99.9%, Fisher Scientific),
CH3CHO (99.5%, Acros), and CH3COOH (99.9%, Fisher Scientific) were admitted into
the chamber using a dosing manifold that was connected to the main UHV chamber with a
variable leak valve equipped with a dosing needle to direct the flux of reactant to the sample
surface. The reactants were degassed using repeated freeze-pump-thaw cycles prior to use.
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A separate UHV chamber equipped with an x-ray source (VG Microtech) and a
hemispherical electron energy analyzer (Leybold-Heraeus) was used for x-ray
photoelectron spectroscopy (XPS) measurements. All XPS spectra were referenced to the
Ti(2p3/2) peak for Ti4+ at 459.3 eV.116
For UHV TPD measurements a 5 mm × 7 mm silicon wafer supported B-TiO 2
sample was mounted in a tantalum foil folder that was attached to an electrical feedthrough
on the UHV sample manipulator. The temperature was monitored using a type-K
thermocouple which was attached to the back of the silicon wafer using a ceramic adhesive
(Aremco). The sample could be cooled by conduction from a liquid N 2 reservoir on the
manipulator and heated resistively up to 800 K. For a TPD experiment the sample was
initially positioned in front of the dosing needle on the leak valve and exposed to the desired
amount of reactant. The sample was then positioned in front of the mass spectrometer and
heated at 3 K s-1 while recording the desorption products.
TPD was also used to characterize the photocatalytic activity of the B-TiO 2
nanorods. In these experiments after dosing the desired reactant the sample was positioned
in front of the fiber optic cable connected to the UV source and illuminated with UV light
for a set time. The photon flux from the UV source at the sample surface was ~10 15 cm-2 s1

as determined using a Thorlabs photodiode detector. The sample was maintained at 165

K during reagent dosing and UV illumination to prevent reagent desorption. After UV
illumination, the sample was repositioned in front of the mass spectrometer and TPD
experiments were conducted by heating the sample at a rate of 3 K s -1 and recording the
desorption products.
94

Desorption products during TPD experiments for both the HV and UHV systems
were identified by their characteristic mass spectrometer fragmentation patterns. Multiple
mass-to-charge ratios were monitored in each TPD run to ensure proper identification of
all products. All reported TPD spectra have been corrected for any overlap in cracking
patterns and have been scaled to adjust for the mass spectrometer sensitivity factors for
each product.
Transmission electron microscopy (TEM) was used to characterize the assynthesized nanocrystals. For TEM characterization, the nanocrystals were dispersed onto
a 300 mesh C-coated Cu TEM grid and images were collected using a JEOL JEM1400
TEM operating at 120 kV. The drop-cast thin film samples to be used for UHV studies
were characterized by scanning electron microscopy (SEM) using a JEOL 7500F HRSEM.
For SEM characterization the thin film samples were not coated but a conducting tape was
applied near the edge of the substrate to prevent sample charging. Images were collected
with a 5 kV beam.
4.3

Results

4.3.1

Catalyst Characterization
As previously mentioned, TEM and SEM were used to characterize the as-

synthesized brookite nanorods as well as the drop-cast films used in this study. These
techniques revealed that each nanorod sample was highly monodisperse. As noted above,
three separate nanorod batches were used in this study which had lengths of 21 nm, 27 nm,
and 35 nm. A TEM image of the as-synthesized 27 nm brookite nanorods and a SEM image
95

of a freshly cast film of these rods is displayed in Figure 4.1. SEM images were also
obtained for the thin films after completion of reactivity studies (typically between 30 to
50 TPD experiments per sample) and confirmed the stability of the films with no sintering
of the nanocrystals being observed. For all nanorod samples, the diameter of the nanorods
was observed to be ~ 5.5 nm. Using these measured dimensions of the nanorods and the
bulk density of brookite (4.14 g cm-3),117 the surface area of the nanorods was calculated
to be 175 m2 g-1. Although accurate BET measurements from these samples were not
possible due to the small quantities obtained from the synthesis, BET measurements
conducted by Cargnello and coworkers for similarly-fabricated nanorods are in close
agreement with these calculated values.69

Figure 4.1. (a) TEM micrographs of the as-synthesized 27 nm nanorods and (b) SEM
micrograph of a thin film of the 35 nm nanorods on an oxidized Si substrate.

XPS was used to characterize the surface composition and the Ti oxidation state in
the nanorods. Ti(2p) and O(1s) spectra for the 27 nm thin film obtained after annealing in
2 × 10-8 torr of O2 at 750 K (see Figure 4.2) contained peaks at 465.5 and 459.3 eV which
are characteristic of the 2p1/2, 2p3/2 doublet for Ti4+ indicating that the Ti in the nanorods is
fully oxidized. XPS was also used to check for both C and Cl impurities which may result
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from the synthesis procedure, but neither were detected demonstrating that the ligand
removal methods and O2 annealing treatment were sufficient to produce clean surfaces.
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Figure 4.2. (a) Ti(2p) and (b) O(1s) XPS spectra obtained from a 27 nm B-TiO2 nanorod thin
film. The sample was annealed in vacuum at 750 K in 2 x 10-8 Torr of oxygen for 15 min prior
to collection of the spectra.

4.3.2

Thermally-induced reactions of simple oxygenates on brookite nanorods
To provide base case data for the photochemical reactivity studies and to explore

the reactivity of brookite surfaces towards simple oxygenates, TPD experiments for the
reaction of CH3OH, CH3CHO, and CH3COOH on the nanorods in the dark were initially
performed. TPD experiments were performed with each reagent for the 21, 27, and 35 nm
B-TiO2 nanorods. No effects due to length were observed, indicating that the nanorod ends
do not exhibit activity that is noticeably different from the nanorod sides. Given the large
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aspect ratios of the nanorods used in this study, this result suggests that the majority of the
active sites are on the nanorod sides. Thus, we only report TPD data for a single rod length
in this section.
Methanol thermal chemistry
TPD experiments as a function of the CH3OH exposure were initially performed to
determine the dose required to obtain saturation coverage. Methanol desorption curves as
a function of exposure for the 21 nm thin film are displayed in Figure 4.3. For doses up to
5 L at a sample temperature of 165 K, the spectra contain two peaks: a large broad peak
centered at 330 K and a smaller sharper peak centered at 640 K. The low-temperature peak
can be assigned to desorption of weakly-bound molecular CH 3OH while, as will be shown
below, the high-temperature peak is a product of the reaction of adsorbed methoxide
species. Thus, CH3OH adsorbs both molecularly and dissociatively on the brookite surface.
Further increasing the CH3OH exposure resulted in a continued increase in the peak
intensities and the emergence of a new peak at ~250 K, which is consistent with desorption
of CH3OH multilayers. For CH3OH doses up to 10 L saturation of the thin film was not
achieved, but it was observed that the ratio of the areas of the high and low-temperature
(330 K) peaks remained relatively constant throughout the dosage range. Since the thin
films contain multiple layers of nanorods, we believe that the outermost layer of the
nanorods are initially being saturated followed by CH3OH penetrating deeper into the film
at higher doses. Because of the need to use very large exposures, it was not practical to
saturate the entire film with the oxygenate reactant; however, since the ratio of the peaks
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remained constant the TPD results appear to be largely independent of CH 3OH coverage.
We therefore chose to use a 5 L CH3OH dose in more detailed methanol reactivity studies.
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Figure 4.3. Methanol TPD spectra from 21 nm B-TiO 2 nanorod thin film sample for various
methanol doses as indicated in the figure.

While it was not practical to saturate the entire brookite film in the UHV studies, it
was possible to do so using unsupported brookite nanorod powder samples in our high
vacuum TPD/TGA system. As shown in Figure 4.4, the methanol TPD results from the
powder sample are consistent with those from the thin films and contain both low- and
high-temperature methanol desorption features. The TGA data in Figure 4.4 also allow the
saturation coverage of adsorbed CH3OH per unit surface area, 2.4 molecules nm-2, to be
determined. This value is comparable with those reported for CH 3OH on A-TiO2 powders
which range from 2.25 to 3.18 molecules nm-2,29,118-120 while reported values for R-TiO2
powders are somewhat higher, ranging from 4.62 to 4.76 molecules nm -2.120,121
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Figure 4.4. TPD/TGA spectra from 35 nm B-TiO2 nanorod powder following CH3OH

dose at room temperature. The powder sample was saturated by exposing to CH 3OH
vapor, followed by evacuation to less than 1 × 10-8 torr for 1 h to remove any
condensed species. The derivative of the TGA data is also presented, which confirms
that CH3OH is the primary desorption species during TPD.
In addition to CH3OH, the reaction products H2O, CH4, CH2O, and CH3OCH3 were
also observed during TPD. Figure 4.5a displays the TPD product desorption peaks obtained
from a 21 nm thin film dosed with 5 L of CH3OH at 165 K. As mentioned in the methods
section, the desorption intensities for each product have been corrected for their respective
mass spectrometer sensitivity factors allowing for quantitative comparison of the product
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yields. Water appears in a large peak at 390 K and a much smaller feature at 650 K. The
H2O produced at 390 K can be attributed to the reaction of surface hydroxyl species which
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Figure 4.5. TPD spectra obtained from 21 nm B-TiO2 nanorods following 5 L CH3OH dose
at 165 K: (a) no UV exposure, and (b) 1 hr UV exposure.

were formed during dissociative adsorption of CH3OH. While the majority of the resulting
adsorbed methoxy groups recombine with the adsorbed H to form CH3OH which desorbs
below 500 K, H2O production is a competing pathway that results in some of the methoxy
groups becoming “stranded” on the surface. These methoxy groups react primarily via two
different pathways to produce the products that appear at high-temperatures. One is a
dehydrogenation/disproportionation pathway that produces formaldehyde at 650 K and
hydroxyl groups which can combine with remaining adsorbed methoxy groups giving rise
101

to the high-temperature CH3OH peak at 640 K. The second is deoxygenation to produce
methane at 650 K. Some bimolecular coupling of adsorbed methoxy groups is also
observed as a minor pathway producing a small amount of dimethyl ether near 640 K. Note
that these TPD peak assignments are similar to those reported by the Barteau group for the
reaction of CH3OH on A-TiO2 powders.29
Studies of the reaction of CH3OH on R-TiO2 single crystals have determined that
the dimethyl ether product results from the coupling of two methoxy species that are
adsorbed on a common Ti cation site.29,30,120 Thus, the active sites for this reaction are
surface Ti cations with multiple coordination vacancies. The observation that the fractional
yield of dimethyl ether for the brookite nanorods was quite small (less than 3 % of the hightemperature reaction products), therefore implies that the surfaces of these nanorods
contain few such sites.
As noted above, the brookite nanorod length did not affect the thermally-induced
reactions of adsorbed CH3OH. It is useful, however, to compare the observed CH 3OH
reactivity on the brookite nanorods with that reported previously for A-TiO 2 powders and
nanocrystals. Figure 4.6 compares the fractional yields for the primary reaction products
obtained during CH3OH TPD experiments with the brookite nanorods used in the present
study to those reported previously for a polycrystalline A-TiO2 powder 29 and a thin film
of 18 nm A-TiO2 nanocrystals that had a platelet morphology which predominantly
exposes the (001) surface.22 The product yields for the two A-TiO2 samples are
qualitatively similar and show that all three competing pathways for the reaction of
methoxy groups, i.e. dehydrogenation to formaldehyde, coupling to dimethyl ether, and
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deoxygenation to methane, occur to comparable extents on these samples. This is in
contrast to the brookite nanorods on which deoxygenation to methane predominates and
coupling to dimethyl ether is only a minor pathway. The latter is consistent with our
conclusion that the surfaces of the B-TiO2 nanorods contain few Ti cations with multiple
coordination vacancies which are the active sites for the coupling reaction.
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Figure 4.6. Fractional yields of oxygenate products during CH3OH TPD for B-TiO2 nanorods
(21 nm), A-TiO2 platelets (18 nm), and polycrystalline A-TiO2 powder (A-TiO2 powder data
reproduced from [29]).

Acetaldehyde thermal chemistry
Coverage variation TPD experiments with CH3CHO were also performed on the
B-TiO2 nanorods and a 5 L dose was again found to be sufficient to saturate the outermost
layer of the thin film. Figure 4.7a displays TPD results obtained for a 21 nm film following
a 5 L dose of CH3CHO. The TPD spectra are dominated by a large CH3CHO desorption
peak centered at 290 K indicating that the B-TiO2 nanorods have relatively low reactivity
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towards this molecule. However, small amounts of a range of coupling products were
produced including crotonaldehyde at 460 K. The fact that water was also produced at this
temperature is consistent with an aldol condensation pathway. A small amount of crotyl
alcohol also desorbed between 540 and 600 K which likely results from the reduction of a
portion of the crotonaldehyde product. Reductive coupling products (butene, butadiene,
and 2-butanone) were also observed in small quantities from 450 to 600 K, as was a small
amount of the dehydrogenation product, ketene (CH 2=C=O), at 630 K. It is notable that the
complete oxidation products, CO and CO2, were not produced from reaction of CH3CHO
on the nanorods.
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Figure 4.7. TPD spectra obtained from 21 nm B-TiO 2 nanorods following 5 L CH3CHO dose
at 165 K: (a) no UV exposure, and (b) 1 h UV exposure.
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The saturation coverage of adsorbed CH3CHO on the B-TiO2 nanorods was again
estimated using high-vacuum TPD/TGA data obtained from an unsupported nanorod
sample (see Figure 4.8). Using this TGA data, the saturation coverage of CH 3CHO per unit
surface area was calculated to be 1.8 molecules nm-2, which is similar to that obtained for
CH3OH indicating that these two oxygenates adsorb on the same sites.
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Figure 4.8. TPD/TGA spectra from 35 nm B-TiO2 nanorod powder following

CH3CHO dose at room temperature. The powder sample was saturated by
exposing to CH3CHO vapor, followed by evacuation to less than 1 × 10-8 torr for
1 h to remove any condensed species. The derivative of the TGA data is also
presented, which confirms that CH3CHO is the primary desorption species
during TPD.
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The CH3CHO TPD results are similar to those reported previously for reaction of CH 3CHO
on various R-TiO2 and A-TiO2 single crystal and powder samples.34,84,97-100 This similarity
is demonstrated in Figure 4.9 which compares the fractional yield of the carbon-containing
reaction products during CH3CHO TPD obtained from the B-TiO2 nanorod film and from
a thin film composed of 18 nm A-TiO2 platelets. While similar products were produced
on both samples, it is noteworthy that ketene was only produced on the B-TiO 2 nanorods.
Acetic acid thermal chemistry
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Figure 4.9. Fractional yields of oxygenate products during CH 3CHO TPD for B-TiO2
nanorods (21 nm), A-TiO2 platelets (18 nm).

The B-TiO2 nanorods were found to be highly active for the dehydration of
CH3COOH to produce ketene. As shown in Figure 4.10, the TPD results obtained from a
21 nm nanorod thin film dosed with 5 L of CH3COOH (this dose was again found to be
sufficient to saturate the outermost layers of the film) was dominated by a large ketene
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peak at 630 K. Small amounts of methane and acetone were also produced near this
temperature. It is likely that CH3COOH dissociates on B-TiO2 to form adsorbed acetate
species which react at 630 K to form ketene. These results are similar to those reported
previously by Kim and Barteau for the reaction of CH3COOH on R-TiO2(001) and A-TiO2
powder.29,37 TPD/TGA of CH3COOH-dosed unsupported B-TiO2 nanorods (see Figure
4.11) was again used to estimate the saturation coverage of adsorbed CH 3COOH (or
acetate). These data gave a value of 1.1 molecules nm -2 which is roughly half that obtained
for CH3OH, suggesting that acetate species adsorb in a bridged configuration with the
oxygens bonding to two adjacent Ti cations.
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Figure 4.10. TPD spectra obtained from 21 nm B-TiO2 nanorods following 5 L CH3COOH
dose at 165 K.
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Figure 4.11. TPD/TGA spectra from 35 nm B-TiO2 nanorod powder following CH 3COOH
dose at room temperature. The powder sample was saturated by exposing to CH3COOH
vapor, followed by evacuation to less than 1 × 10-8 torr for 1 h to remove any condensed
species. The derivative of the TGA data is also presented. The high-temperature peak in this
derivative spectrum is due to the decomposition of adsorbed acetate species which produces
gaseous ketene.

Figure 4.12 compares the TPD fractional yield of carbon-containing products
during CH3COOH TPD from the 18 nm B-TiO2 nanorod thin film, 18 nm A-TiO2 platelets
thin film, and previously reported values for A-TiO2 powder.122 The product yields for the
B-TiO2 nanorods and A-TiO2 platelets, which preferentially expose the (001) surface, are
nearly identical with greater than 90 % selectivity to ketene, while those for the A-TiO 2
powder are somewhat different with a high selectivity toward bimolecular coupling to
acetone.
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Figure 4.12. Fractional yields of oxygenate products during CH3COOH TPD for B-TiO2
nanorods (21 nm), A-TiO2 platelets (18 nm), and polycrystalline A-TiO2 powder (A-TiO2
powder data reproduced from [122]).

4.3.3

Photochemical reactions of simple oxygenates on brookite nanorods
TPD was also used to assess the photocatalytic activity of the B-TiO 2 nanorods. As

noted in the experimental section, in these experiments the sample at 165 K was dosed with
the reactant and then illuminated with the UV light for a specified amount of time, followed
by TPD. In addition to exploring the photocatalytic activity of the brookite phase of TiO 2,
a goal of these studies was to evaluate how the nanorod length affected photocatalytic
activity. Acetic acid was found to not undergo any photochemical reactions on the B-TiO 2
nanorods, so in this section we only report results for CH 3OH and CH3CHO.
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Methanol photochemistry
Figure 4.5b displays TPD data obtained after exposing the 21 nm B-TiO 2 nanorod
thin film sample to 5 L of CH3OH and then illuminating the sample with 365 nm UV light
for 1 h. These data are similar to those obtained without UV illumination (Figure 4.5a) with
CH2O, (CH3)2O, CH4 and CO being produced between 610 and 650 K; however, an
additional product, methyl formate (HCOOCH3), resulting from a photochemical coupling
pathway is also observed at 280 K, and a much smaller peak at 580 K. Note that since the
UV illumination occurred with the sample at 165 K, the methyl formate peaks are due to
desorption or reaction of surface species that are formed by photochemical reactions that
occur at this temperature. The peak at 280 K is most likely desorption limited and
corresponds to methyl formate produced during UV illumination at the lower temperature.
The surface species giving rise to the high-temperature peak is less clear. The
photochemical nature of these products is further demonstrated by the HCOOCH 3
desorption curves as a function of UV exposure displayed in Figure 4.13. These spectra
were obtained from the 21 nm B-TiO2 nanorod thin film sample and show that the intensity
of both HCOOCH3 peaks increase with increasing UV exposure for exposures up to 2 h at
which point they become saturated. Note that the HCOOCH3 peak at 280 K is consistent
with that observed previously for thin films of A-TiO2 platelet and bipyramidal
nanocrystals which preferentially expose (001) and (101) surfaces, 22 and for R-TiO2(110)
single crystal surfaces,21,33 while the higher-temperature peak at 580 K was not observed
for these A-TiO2 and R-TiO2 samples.
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Figure 4.13. Methyl formate desorption spectra obtained from B-TiO2 nanorods (21 nm)
following 5 L CH3OH dose at 165 K. Lower panel shows data obtained as a function of the
duration of the UV exposure. For the spectrum in the upper panel the sample was flashed to
400 K following CH3OH exposure, allowed to cool, and then exposed to UV light for 2 h prior
to TPD.

In order to provide more insight into the photo-coupling pathway, the following
experiment was performed: A 35 nm B-TiO2 nanorod thin film sample was dosed with 5 L
of CH3OH at 165 K, followed by flashing to 400 K to remove all of the weakly bound
molecular species, leaving a surface covered with only methoxy groups. The sample was
then allowed to cool back to 165 K, illuminated with the UV light for 2 h, and then TPD
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data were collected. The resulting HCOOCH3 desorption spectrum is displayed in the upper
portion of Figure 4.13. Note that in this case the spectrum only contains the hightemperature HCOOCH3 peak. The absence of the low-temperature peak at 280 K indicates
that the photo-coupling reaction that produces this methyl formate product requires the
presence of molecularly adsorbed CH3OH on the surface. In contrast, the high-temperature
HCOOCH3 must result from desorption or decomposition of a surface species formed by a
photochemical reaction involving only methoxide groups.
The effect of the B-TiO2 nanorod length on the photocatalytic activity for the
coupling of CH3OH to produce methyl formate was also investigated. The fractional yield
(based on the carbon-containing products) of the low-temperature HCOOCH 3 product
during CH3OH TPD (5 L dose at 165 K) as a function of the nanorod length and UV
exposure time is displayed in Figure 4.14. These data show that within experimental
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Figure 4.14. Fractional yield of low-temperature methyl formate product during methanol
TPD (5 L dose) as a function of UV exposure and B-TiO 2 nanorod length.
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uncertainty there is little difference in the fractional yield for the low-temperature
HCOOCH3 product between the 21 and 27 nm rods; however, the 35 nm rods show higher
photo-activity for production of the low-temperature HCOOCH 3 product. The fractional
yield of the high-temperature HCOOCH3 product as a function of nanorod length and UV
exposure time (see Figure 4.15) exhibited behavior similar to the low-temperature
HCOOCH3 product. These data suggest that the photocatalytic activity may increase with
increasing rod length, although they are not definitive on this.
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Figure 4.15. Fractional yield of high-temperature methyl formate product during

methanol TPD (5 L dose) as a function of UV exposure and B-TiO 2 nanorod length.
Acetaldehyde photochemistry
Figure 4.7b displays TPD data obtained after exposing the 21 nm B-TiO 2 nanorod
sample to 5 L of CH3CHO and then illuminating with 365 nm UV light for 1 hr. Comparing
this TPD data with that obtained with no UV exposure (Figure 4.7a) reveals that UV
illumination causes several changes in the spectra including a five-fold increase in the area
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of the ketene peak at 630 K. This increase in ketene production appears to be at the expense
of the crotonaldehyde product whose peak area decreased by 26 % after UV exposure. UV
exposure also resulted in small increases of the yield of 2-butanone and butadiene.
Note that the ketene peak temperature, 630 K, is the same as that obtained from
CH3COOH-dosed samples, indicating that they are both due to decomposition of the same
surface intermediate. As noted above, in the case of the CH 3COOH reactant, the ketene
product almost certainly results from decomposition of an adsorbed acetate species. Thus,
the large increase in the ketene yield upon exposure of the CH 3CHO-dosed sample to UV
light demonstrates that the B-TiO2 nanorods have high activity for the photo-oxidation of
CH3CHO to acetate.
This high activity for photo-oxidation of adsorbed CH3CHO to acetate provides a
good test reaction for exploring the effect of the nanorod length on photocatalytic activity.
Figure 4.16 displays the fractional yield of ketene as a function of the UV exposure during
CH3CHO TPD (5 L dose at 165 K) for 21, 27, and 35 nm B-TiO2 nanorod thin film samples.
These data reveal a clear trend of increasing ketene yield with increasing nanorod length.
For example, for 0.17 h UV illumination the ketene fractional yield for the 35 nm rods
increased by more than a factor of three compared to that obtained with no UV illumination,
while for the 21 nm rods the increase was only approximately two-fold. These results along
with those described above for the photo-coupling of CH3OH to methyl formate, therefore,
provide strong evidence for a dependence of photocatalytic activity on nanorod length.
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Figure 4.16. Fractional yield of ketene product during acetaldehyde TPD (5 L dose) as a
function of UV exposure and B-TiO2 nanorod length.

4.4

Discussion
In this study, we have investigated the thermal and photo-reactivity of simple

oxygenates on the brookite-phase of TiO2 as well as how crystallite size and shape, or more
specifically nanorod length, affects photocatalytic activity. Not surprisingly, the overall
thermal reactivity of the brookite nanorods towards small oxygenates was found to be
similar to that reported previously for the anatase and rutile polymorphs of TiO 2.25,39
Methanol was found to adsorb dissociatively on five-fold coordinated Ti cations on B-TiO 2
nanorod surfaces at relatively low temperatures and upon heating the primary reaction
pathway was recombination to produce CH3OH which desorbs between 190 and 450 K. In
a competing pathway the surface hydroxyl groups formed by CH3OH dissociation react to
produce water which results in some of the methoxide groups remaining on the surface to
higher temperatures. On all three polymorphs, near 640 K these methoxide groups undergo
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disproportionation to produce formaldehyde and molecular CH 3OH, and deoxygenation to
produce methane. On A-TiO2 and R-TiO2, bimolecular coupling of methoxide groups to
produce dimethyl ether also occurs near 640 K, at least on some surfaces. 22,30 Previous
studies have shown that exposed four-fold coordinate Ti cations which can accommodate
two methoxide groups are the active sites for this reaction. 22,30 It is noteworthy that the BTiO2 nanorods exhibited very low activity for this coupling pathway as illustrated in Figure
4.6, thus indicating that their surfaces contain few such sites. While it is apparent from the
results obtained in the present study that the B-TiO2 nanorod surfaces expose
predominantly five-fold coordinated Ti cations, the high fractional yield of methane
suggests that they also contain a high population of surface oxygen vacancies.
For CH3CHO the primary reaction product on the B-TiO2 nanorods was
crotonaldehyde which was produced at 460 K during TPD. This pathway also occurs on
the other TiO2 polymorphs and its mechanism has been well-studied.34,84,97-100 These
previous studies have shown that CH3CHO adsorbs on exposed Ti cations which act as
Lewis acid sites, through interaction of one of the electron lone pairs of the carbonyl
oxygen.97,100 Aldol condensation of these adsorbed species to produce crotonaldehyde is
catalyzed by nearby lattice oxygens, which act as Lewis base sites for abstraction of an
alpha-hydrogen.84 As a result, this reaction readily occurs on fully oxidized TiO 2,
regardless of faceting, so it is not surprising that it also occurs on the brookite
nanorods.34,84,97-100
In addition to aldol condensation to produce crotonaldehyde, CH 3CHO adsorbed
on the B-TiO2 nanorods undergoes reductive coupling to produce butene:
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2𝐶𝐻 𝐶𝐻𝑂(

)

→ 𝐶𝐻 𝐶𝐻 = 𝐶𝐻𝐶𝐻 + 2𝑂( )

(4.1).

Where O(l) represents lattice oxygen. On R-TiO2, this pathway is thought to occur at oxygen
vacancy sites.34,80,98 Thus, the production of butene on the nanorods also suggests that the
B-TiO2 surface is highly defective, which is consistent with the large methane yield
observed during CH3OH TPD.
Trace amounts of crotyl alcohol and butadiene were also produced and are likely
due to further reaction of the crotonaldehyde and butene products. This conclusion is
consistent with the observation that they are both produced at temperatures slightly higher
than those of their parent molecules (see Figure 4.7a). The only other significant product
from CH3CHO was ketene which desorbed at 630 K during TPD. As will be discussed
below, this product can be assigned to decomposition of adsorbed acetate species. Thus, a
fraction of the adsorbed CH3CHO reacts with surface lattice oxygen to produce adsorbed
acetate.
For CH3COOH, the TPD results displayed in Figure 4.10 demonstrate that this
molecule adsorbs dissociatively on the B-TiO2 nanorods at low temperatures to produce
acetate intermediates which decompose upon heating to produce primarily ketene at 630
K. This result is similar to that reported by Kim and Barteau for A-TiO 2(001) single crystal
surfaces and A-TiO2 powders.37,122 As previously mentioned, the saturation coverage of
acetate species, 1.1 molecules nm-2, obtained from our TGA measurements was
approximately half that for CH3OH suggesting that that acetate species bond in a bridging
configuration between two adjacent Ti cations on the surface of the B-TiO 2 nanorods.
Previous studies for the other titania polymorphs also conclude that CH 3COOH adsorbs
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dissociatively forming acetate intermediates with a bridging configuration on surfaces that
contain only five-fold coordinated Ti cations and/or in a bidentate structure on a single
cation on surfaces that contain four-fold coordinated Ti cations. 123,124
The brookite nanorods exhibited photocatalytic activity similar to that reported for
the anatase and rutile phases.14,21,22,94,112 For example, as shown in Figure 4.5b, upon
exposure to UV light CH3OH undergoes photocoupling to yield methyl formate which
desorbs at 280 K during subsequent TPD. It has previously been reported that the
mechanism for this reaction on both R-TiO2 and A-TiO2 is as follows:125,126
𝐶𝐻 𝑂𝐻(

)

𝐶𝐻 𝑂(

𝐶𝐻 𝑂(

)

𝐶𝐻 𝑂(

)

𝐶𝐻 𝑂(

)

+ 𝐶𝐻 𝑂(

)

)

+ 𝐻(

+ 𝐻(

(4.2)

)

(4.3)

)

𝐻𝐶𝑂𝑂𝐶𝐻

( )

+ 𝐻(

)

(4.4)

In this pathway, the reaction proceeds in a stepwise fashion in which methoxy groups,
which presumably could be produced thermally or photochemically, are photo-oxidized to
CH2O, followed by the photo-cross coupling of adsorbed CH 2O and CH3O species to
produce HCOOCH3. The second step (Equation 4.3) has been demonstrated experimentally
and via ab initio calculations to be a primary photo-oxidation pathway for methoxy on the
R-TiO2(110) surface.127 The final step, however, is not consistent with the results of the
present study or those from our recent study of photo-coupling of CH3OH on A-TiO2
nanocrystals.94 In both cases it was observed that on surfaces that contain only adsorbed
methoxy groups and no molecular methanol (see top panel in Figure 4.13), a lowtemperature photocoupling pathway that produces HCOOCH3 does not occur. We,
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therefore, propose the following alternative for the third step in the mechanism in which
the photo-cross coupling reaction involves molecularly adsorbed CH 3OH rather than
methoxide:
𝐶𝐻 𝑂(

)

+ 𝐶𝐻 𝑂𝐻(

)

𝐻𝐶𝑂𝑂𝐶𝐻

( )

+ 2 𝐻(

).

(4.5)

An intriguing aspect of the photo-induced reactions of CH3OH on the B-TiO2
nanorods is that in addition to the aforementioned pathway for the production of
HCOOCH3 which can occur at low temperatures, another pathway was observed that
produces an intermediate that reacts at 580 K to produce HCOOCH 3 during TPD. This
pathway has not been observed for both A-TiO2 and R-TiO2 surfaces.21,33 As shown in
Figure 4.13, the intensity of this high-temperature HCOOCH3 peak increased with UV
exposure, but was insensitive to the presence or absence of molecularly adsorbed CH 3OH
on the surface. While additional study is needed to definitively determine the reaction
pathway that leads to this product, one likely scenario is that a portion of the adsorbed
methoxide groups is oxidized to formate during UV exposure at low temperature and these
species subsequently react with adsorbed methoxide groups to produce HCOOCH 3 at 580
K. Previous studies have shown that formic acid readily dissociates on R-TiO 2(110) to give
formate species which are stable up to ~600 K.79,128 Thus, reaction of formate species with
adsorbed methoxide groups on the B-TiO2 nanorods at 580 K is plausible. We, therefore,
propose the following mechanism, for this channel of HCOOCH 3 production:
𝐶𝐻 𝑂(

)

𝐶𝐻 𝑂(

)

𝐶𝐻 𝑂(
+ 𝑂( )

)

+ 𝐻(

𝐻𝐶𝑂𝑂(

(4.6)

)

)

+ 𝐻(
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)
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𝐻𝐶𝑂𝑂(

)

+ 𝐶𝐻 𝑂(

)

⎯ 𝐻𝐶𝑂𝑂𝐶𝐻

( )

+ 𝑂( ).

(4.8)

As will be discussed below, the fact that the B-TiO2 nanorods are active for the photooxidation of adsorbed CH3CHO to acetate provides some additional support for this
proposed mechanism. Whether this photochemical pathway for HCOOCH 3 production is
intrinsic to B-TiO2 or requires the specific structures present on the surface of the B-TiO 2
nanorods is an open question that cannot be answered using only the data obtained in the
present study.
In contrast to CH3OH, the primary photochemical pathway for the reaction of
CH3CHO on the B-TiO2 nanorods is rather straightforward. As shown in Figure 4.7,
exposure of a CH3CHO-dosed 21 nm B-TiO2 nanorod thin film sample to UV light for 1 h
resulted in an increase in the yield of ketene at 630 K by a factor of five during subsequent
TPD. Based on the TPD results for CH3COOH, this ketene peak can be attributed to the
decomposition of adsorbed acetate intermediates. This leads to the conclusion that the BTiO2 nanorods are active for the photo-oxidation of adsorbed CH3CHO to acetate. This is
consistent with the reported photocatalytic activity of A-TiO 2 and R-TiO2 which are also
active this reaction.35,104
The data in Figures 4.14 and 4.16 which show the dependence of fractional yield
of TPD products resulting from photocatalytic reactions (i.e. methyl formate from CH 3OH,
and ketene from CH3CHO) on UV illumination time and nanorod length clearly show that
the photocatalytic activity of the B-TiO2 nanorods increases with rod length. This result is
in accord with several previous studies of both R-TiO 2 and A-TiO2 in which photocatalytic
activity has been found to depend on both crystallite size and shape.22,49,56,58,61,92,94 For
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example, Bennett et al. observed that the activity for the photo-oxidation of CH 3OH over
A-TiO2 nanocrystals with bipyramidal morphologies increased with particle size. 94
Similarly, Bae et al. observed that both particle size and aspect ratio affected the
photocatalytic activity for CH3CHO decomposition over R-TiO2 nanorods.59,112 In both of
these cases, these effects were at least partially attributed to the electrons and holes
preferentially migrating to different exposed crystal planes.
While preferential migration of holes and electrons to different surfaces on the BTiO2 nanorods (e.g. electrons to the ends and holes to the sides) possibly results in the
nanorod ends and sides acting as either net-reduction or oxidation surfaces, for the high
aspect ratio nanorods used in the present study changes in the length of the nanorods would
not be expected to significantly impact their photocatalytic activity by altering the charge
distribution on the nanorod facets. It is more likely, however, that the nanorod length
affects the lifetimes of the photo-generated electrons and holes. Photo-oxidation of
oxygenates (e.g. alcohols and aldehydes) on TiO2 is generally thought to proceed via
diffusion of a hole generated in the bulk to the surface, resulting in the creation of an
unoccupied surface state which lies just above the valence band of the semiconductor. The
migration of this hole to a surface site adjacent to the adsorbed reactant is followed by
transfer of an electron from the adsorbed oxygenate to the adjacent surface hole. 129
Competing with this process is electron-hole recombination both in the bulk and with holes
trapped on the surface. For A-TiO2 thin films it has been shown that the lifetime of trapped
surface holes is much longer than the time for electron transfer from an adsorbed
oxygenate; thus, making this process the rate-limiting step for the photo-oxidation
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reaction.129 Cargnello et al. have shown using transient-absorption spectroscopy that the
lifetimes of trapped surface holes increases with nanorod length for both bare and Ptdecorated B-TiO2 nanorods. While the effect was bigger for the Pt-decorated rods where
the metal particles act as trap sites for photo-generated electrons, a significant increase in
the hole decay rate was still observed for the bare nanorods. 69 Because rod length is not
likely to affect the rate of adsorbate-hole reaction, the increase in photocatalytic activity
with B-TiO2 nanorod length observed in the present study implies that the electron-hole
recombination rate, either in the bulk or on the surface, decreases with increasing nanorod
length, thereby increasing the probably that a hole will diffuse to the surface and remain
long enough so it can react with an adsorbate.
A similar conclusion has been reported by Cargnello et al.69 who studied the
aqueous phase photo-reforming of ethanol to produce H 2 over Pt-particle decorated B-TiO2
nanorods (these nanorods were essentially identical to those used in the present study) and
observed a strong dependence of the reaction rate on rod length. They noted that the
diffusion lengths for photo-generated electrons and holes in titania are of the order of
microns and nanometers, respectively, and that the small diffusion lengths for the holes
effectively confines them to the width of the nanorods, which in our case is 5.5 nm. In
contrast, for the electrons the 1D nature of the nanorods, coupled with their long diffusion
length allows for their delocalization along the length of the nanorod.69,130,131 This
effectively allows for a higher degree of charge separation between the electrons and holes
in the longer nanorods, which in turn would decrease the electron-hole recombination rate
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allowing for an increase in the concentration of holes at the nanorod surface for reaction
with the adsorbed species.
4.5

Conclusions
The results of this study provide insight into the thermal and photochemical

reactivity of the brookite phase of TiO2 towards alcohols, aldehydes and carboxylic acids,
as well as how the interplay between nanocrystallite size and shape and the dynamics of
photo-generated electrons and holes can affect photocatalytic activity. On the B-TiO 2 nanorods CH3OH was found to adsorb dissociatively on fivefold coordinate Ti cations to
form methoxide groups that undergo deoxygenation to produce CH 4 and dehydrogenation
to produce CH2O at temperatures between 640 and 650 K. Little activity for bimolecular
coupling to produce (CH3)2O was observed indicating that the surfaces of the nanorods
contained few fourfold coordinate Ti cations. The primary reaction pathway for CH 3CHO
on the B-TiO2 nanorods was aldol condensation near 460 K to produce crotonaldehyde
which demonstrates the Lewis acid-base character of Ti cation-oxygen anion site pairs on
the surface. Acetic acid was also found to absorb dissociatively on these site pairs to
produce acetate intermediates which decompose at 630 K to produce ketene.
Studies with UV exposed samples also showed that B-TiO2 nanorods were active
for the photocoupling of CH3OH to produce methyl formate. Our results indicate that this
reaction proceeds via photo-induced dehydrogenation of an adsorbed methoxide group to
produce CH2O which in a subsequent photo-catalytic step reacts with adsorbed molecular
methanol to produce methyl formate. Photo-oxidation of methoxide groups to formate
species was also observed to occur. This reaction presumably proceeds through a CH 2O
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intermediate. Formate species formed in this manner reacted with adsorbed methoxide
groups at 580 K to produce methyl formate. The photochemical oxidation of CH 3OH to
formate appears to be specific to the B-TiO2 phase having not previously been observed
for A-TiO2 and R-TiO2. This pathway on the B-TiO2 nanorods is also consistent with what
was observed for CH3CHO which underwent photo- oxidation to acetate on the nanorods.
Lastly, studies of the photochemical oxidation activity of the B-TiO2 nanorods
showed that photoactivity increased with increasing nanorod length. This was most
apparent for the photo-oxidation of CH3CHO to acetate where the yield of the acetate
decomposition product, ketene, during TPD runs following UV exposure was markedly
higher for the 35 nm nanorods compared to the 21 nm nanorods. A similar although less
pronounced dependence on nanorod length was also observed for the photocoupling of
methanol to methyl formate. We attribute this increase in photo-activity with nanorod
length to enhanced delocalization of the excited electrons in the longer rods thereby
decreasing the rate of electron-hole recombination which increases the probability that
holes will diffuse to the surface and react with an adsorbed species.
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CHAPTER 5. THERMAL AND PHOTOCATALYTIC REACTIONS
OF METHANOL AND ACETALDEHYDE ON PT-MODIFIED
BROOKITE TiO2 NANORODS3
Summary
This publication examined the effect of Pt deposition on the catalytic and
photocatalytic activity of the brookite-TiO2 nanorods which were studied in detail in the
previous chapter. To control for the influence of particle size effects, as illustrated in the
previous chapter, this publication was limited to the study of only one length of nanorods.
Pt was photodeposited on the nanorods from solution and the Pt-modified nanorods were
characterized using various spectroscopic techniques, such as XPS, STEM, and LEIS. TPD
results demonstrated that, while Pt primarily acted as a site blocker for thermal reactions,
Pt also acted as a recombination center for photogenerated electrons and holes, decreasing
the photocatalytic activity of the nanorods. Upon pretreatment with O 2, however, the Ptmodified nanorods exhibited enhanced photoactivity, indicating that adsorbed oxygen at
the Pt deposits prevents electron-hole recombination by reacting with photogenerated
conduction band electrons to produce stable superoxide species. These results clearly
demonstrate how the dynamics of charge carriers at the oxide surface may be altered by
metal deposits such as Pt, as well as by the presence of adsorbed species on the metal
surface.

3

This chapter was published as Pepin, P.A.; Lee, J.D.; Murray, C. B.; Vohs, J. M., ACS Catalysis, 8 (2018)
11834-11846.
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5.1

Introduction
Photocatalytic materials have been investigated for a wide range of applications,

such as air and water purification, hydrogen production via water splitting, CO 2 reduction,
and as a sustainable alternative to thermochemical processes for chemicals manufacturing.
TiO2 is one such material, possessing a band gap that allows for light adsorption in the
near-UV range, and is often used as an archetypical photocatalyst in fundamental studies
of both the mechanisms of photocatalytic reactions and the relationships between
photocatalyst structure and activity.25,132-135 In the latter category, studies of the
photocatalytic properties of rutile and anatase TiO2 (R-TiO2 and A-TiO2) single crystal
surfaces have proven to be useful in elucidating how surface structure influences
photocatalytic activity for a range of reactions.35,42,43,75,136,137 While the use of well-defined
single-crystal surfaces as model photocatalysts has many advantages, this approach also
has some limitations since they do not allow one to study cooperative effects between
different exposed crystal planes and how preferential migration of electrons and holes to
different surfaces influences overall activity. In an effort to overcome these limitations
while still using materials with well-defined surfaces, several groups, including ours, have
started

to

study

the

photocatalytic

properties

of

well-defined

TiO 2

nanocrystals.22,48,50,60,67,87,88,91-93,138,139 Such studies have been aided by recent advances in
the synthesis of oxide nanocrystals which provide for a high degree of control over
crystallite size and shape. For example, Zheng et al. observed that the activity for hydroxyl
radical generation in aqueous solution was optimized for A-TiO 2 nanocrystals exposing
45% (001) facets, which they attributed to photogenerated electrons and holes
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preferentially migrating to different adjacent facets thereby helping to prevent their
recombination.60 Additionally, photocatalytic activity has been shown to depend on
nanocrystal size.51,59,69,94 The study presented in Chapter 4 demonstrates this influence of
size by using brookite-TiO2 (B-TiO2) nanorods (NRs) of varying length. In that study, we
found that the activity of the NRs for both methanol and acetaldehyde photo-oxidation
increased with rod length. Similarly, the study given in Chapter 3 used a series of A-TiO 2
nanocrystals to explore how both crystallite size and shape affect the thermal and
photochemical reactions of adsorbed acetaldehyde. That study found that both size and
shape had a strong influence on photoactivity.
Numerous studies have also reported that decorating photocatalytic TiO 2 materials
with Pt changes their photocatalytic properties by altering the charge carrier dynamics at
the TiO2 surface. It is generally accepted that the Schottky barrier formed at the Pt/TiO 2
interface facilitates the capture of photogenerated electrons in the Pt since the Pt Fermi
level is lower in energy than the conduction band of the TiO2.25,61,64,69-74,76,140 However,
despite this generally-understood process, many studies have yielded inconsistent findings
for how Pt affects the photocatalytic activity of various TiO2 photocatalysts. For example,
Cargnello et al. reported that the photocatalytic activity of B-TiO2 nanorods for the
photoreforming of ethanol in solution was enhanced by loading the NRs with uniform 4.5
nm colloidal Pt nanoparticles.69 Conversely, Linsenbigler et al. showed that the deposition
of Pt on a single crystal R-TiO2(110) surface in ultra-high vacuum (UHV) decreased the
activity for CO photo-oxidation.75
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Thus, the goal of the present study was to further explore the processes by which
Pt influences the dynamics of charge carriers in TiO2 and how this affects photocatalytic
activity by studying well-defined B-TiO2 NRs as model photocatalysts under carefully
controlled UHV conditions. Furthermore, the monodispersed nature of the B-TiO 2 NRs
used in this study allow for a high degree of control over the photocatalyst nanostructure;
by only using a single length of nanorods, we were able to control for the size and shape
effects previously described.
5.2

Materials and Methods

5.2.1

Materials
The procedure for the synthesis of the B-TiO2 NRs used in this study have

previously been described in detail by Buonsanti et al..77 as well as in Chapter 4. Briefly,
the synthesis was accomplished by combining 10 mL oleylamine (70%, Sigma-Aldrich),
10 mL 1-octadecene (90%, Acros Organics), and 0.5 mL oleic acid (90%, Sigma-Aldrich),
followed by heating under vacuum at 393 K for 1 hour and then cooling to 333 K under
nitrogen flow. 1.5 mL of titanium precursor solution (75 mL of 0.2 M, of 1-octadecene,
23.6 mL oleic acid, and 1.65 mL titanium tetrachloride (99.9%, Acros Organics)) was then
injected and the solution was heated to 563 K to initiate nucleation and growth of the BTiO2. After holding at this temperature for 10 minutes, an additional 4 mL of titanium
precursor solution was added dropwise at a rate of 0.3 mL min -1 followed by cooling to
323 K.
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The nanorods produced by this procedure were purified by adding 10 mL of toluene
to the reaction flask and centrifuging at 8000 rpm for 5 minutes. The precipitate was redispersed as a clear solution in toluene, mixed with 100 µL of oleylamine to improve
solubility, and then precipitated again with isopropanol. Further washing in

Figure 5.1. TEM micrograph of the as-synthesized B-TiO 2 nanorods.

hexane/isopropanol mixtures was used to remove any excess organic material. The final
NRs were dispersed in hexane. In this study, NRs 27 ± 2 nm in length and 5.5 nm in
diameter were used. A TEM image of these NRs is displayed in Figure 5.1. The TEM
image was collected on a JEOL JEM-1400 microscope operating at 120 kV. To use the
NRs for temperature programmed desorption (TPD) studies in ultra-high vacuum (UHV),
the purified NRs in hexane were drop-cast onto an oxidized silicon wafer to create a thin
film. After allowing the solvent to evaporate, the sample was placed in an UV-ozone
cleaner for 3 hours to remove the surface-bound ligands. Individual 5 × 7 mm samples
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were then cut from the silicon wafer. The drop-cast thin film samples to be used for UHV
studies were characterized by scanning electron microscopy (SEM) using a JEOL 7500F
HRSEM. For SEM characterization the thin film samples were not coated but a conducting
tape was applied near the edge of the substrate to prevent sample charging. Images were
collected with a 5 kV beam. A SEM image of a freshly cast film of these rods is displayed
below in Figure 5.2.

Figure 5.2. SEM micrograph of a thin film of the B-TiO2 nanorods on an oxidized Si
substrate.

Photodeposition was used to decorate the surface of the B-TiO 2 NRs with Pt. This
was accomplished by suspending a thin-film sample in 25 ml of a deaerated aqueous
platinum precursor solution consisting of 1 mM tetraammineplatinum(II) nitrate (Alfa
Aesar, 99.99%) and 0.1 M methanol (99.9%, Fisher Scientific) and then illuminating with
a 600 mW 365 nm LED light source (Sunlite) for a fixed duration. The UV light source
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was focused onto the nanorod film using a set of convex lenses to a give a photon flux of
~ 1016 cm-2 s-1, as determined using a Thorlabs photodiode detector. In this study, three
different nanorod samples with varying amounts of surface platinization were prepared
using Pt photo-deposition durations of 5 min, 10 min, and 4 h. Throughout the remainder
of this study, we will refer to these samples using the abbreviated nomenclature 5m-, 10m, and 4h-Pt/TiO2, respectively. After Pt deposition, the samples were dried at 313 K and
placed in a plasma cleaner for 4 minutes using a 67 % Argon and 33 % O 2 gas mix.
To facilitate STEM characterization of the structure of the Pt deposits on the
nanorods, a separate sample of platinized nanorods in powder form was prepared. For this
sample the dried nanorod powder was suspended in the Pt precursor solution and
illuminated with UV light as described above for the film sample. STEM imaging was
collected on a JEOL JEM-F200 microscope operating at 200 kV, where the sample was
diluted in ethanol and put on lacey carbon films on a copper TEM grid.
5.2.2

Sample Characterization
Temperature-programmed desorption (TPD) experiments were conducted using an

ultra-high vacuum (UHV) surface analysis system with a base pressure of 5 × 10 -10 Torr
which was equipped with a quadrupole mass spectrometer (Stanford Research Systems).
The chamber was also equipped with a fiber optic feedthrough connected to a 365 nm UV
light source (Prizmatix). The photon flux from this UV source at the sample was measured
to be ~ 1015 cm-2 s-1. Reagents were introduced to the chamber from a stainless-steel
manifold through a variable leak valve connected to a dosing needle.
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The silicon wafer supported nanorod samples were mounted inside the vacuum
chamber using a Ta foil holder which was spot-welded to a manipulator installed on the
top flange of the vacuum chamber. This setup allowed the sample to be moved inside the
chamber and aligned with either the dosing needle, UV source, or mass spectrometer. The
sample was cooled to 150 K using a liquid N2 cryostat built into the manipulator and
resistively heated to 750 K. The sample temperature was measured by a type-K
thermocouple which was glued to the back of the silicon wafer using a ceramic adhesive
(Aremco). The nanorod films were initially annealed in 2 × 10-8 Torr O2 at 750 K for 15
minutes, followed by 5 minutes in vacuum prior to performing TPD experiments to remove
any residual surface impurities remaining after the plasma cleaning process.
The reagents, CH3OH (99.9%, Fisher Scientific) and CH3CHO (99.5%, Acros),
were dosed from a vial connected to the reagent manifold and were purified by a series of
at least three freeze-pump-thaw cycles to remove dissolved air. TPD experiments were
performed by positioning the sample directly in front of the dosing needle and exposing to
a reagent pressure of 2 × 10-9 Torr for the necessary length of time to obtain the desired
surface coverage. The dosing needle enhances the reactant flux to the front of the sample
by a factor of ~10 relative to that determined by the chamber pressure while dosing. For
experiments involving co-adsorbed O2, the sample was initially dosed with O2 from a
cylinder connected to the reagent manifold in a similar manner as described above. For
experiments involving co-adsorbed H2O, the sample was first dosed with H 2O from a vial,
which had also been purified using a series of freeze-pump-thaw cycles. All O 2-predosing
experiments performed in this study were conducted with a 25 L O 2 dose, while all H2O132

predosing experiments were conducted with a 2.5 L dose. For photocatalytic experiments,
after dosing the sample with reagent, the sample was repositioned in front of the UV
feedthrough and illuminated with 365 nm UV light for the desired time interval. The
sample was maintained at 150 K during reagent dosing and UV illumination. After reagent
dosing and UV illumination (when applicable), the sample was repositioned in front of the
mass spectrometer and TPD experiments were conducted by recording the desorption
products while heating the sample at a rate of 3 K s -1. A quartz shroud with small aperture
at the end was placed around the mass spectrometer to minimize the contribution of
desorption products from the sample-mounting hardware.
Desorption products during TPD experiments were identified by their characteristic
fragmentation patterns and quantified using calculated mass spectrometer sensitivity
factors. An exhaustive search of masses was conducted to identify and confirm the reaction
products detected. Multiple mass-to-charge ratios were monitored throughout each TPD
experiment to ensure proper identification of all products. During methanol TPD, the
characteristic masses (m/z) used to quantify the product yields were: 16 (methane, CH 4),
18 (H2O), 30 (formaldehyde, CH2O), 32 (methanol, CH3OH), 45 (dimethyl ether,
CH3OCH3), and 60 (methyl formate, HCOOCH3). During acetaldehyde TPD, the
characteristic masses used to quantify product yields were: 14 and 42 (ketene, CH 2CO), 18
(H2O), 28 (CO), 29 (acetaldehyde, CH3CHO), 44 (CO2), 45 (ethanol, CH3CH2OH), 54
(butadiene, C4H6), 56 (butane, C4H8), 57 (crotyl alcohol, CH 3CH=CHCH2OH), 70
(crotonaldehyde, CH3CH=CHCHO), and 72 (2-butanone, CH3CH2COCH3).
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X-ray photoelectron spectroscopy (XPS) spectra were acquired using a separate
UHV chamber equipped with an Al Kα x-ray source (VG Microtech) and a hemispherical
electron energy analyzer (Leybold-Heraeus). The binding energies of all XPS spectra were
referenced to the C(1s) peak at 284.8 eV originating from the trace amounts of adventitious
carbon remaining on the surface after oxygen-annealing the sample in UHV. Low-energy
ion scattering spectroscopy (LEIS) spectra were collected using a Qtac 100 spectrometer
with a 3 keV He+ ion beam.
5.3

Results

5.3.1

Catalyst Characterization
SEM, STEM, XPS, and LEIS were used to characterize the surface of the bare and

platinized nanorods to determine the approximate amount, oxidation state, and disposition
of the photo-deposited Pt. SEM imaging of the thin film samples conducted after Pt photodeposition (not shown) indicated that the NRs were largely unchanged after the deposition

Figure 5.3. STEM Image of platinized nanorod powder sample. The small Pt particles, ~1 nm
in size, are readily evident.
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process, with no large Pt deposits visible at the resolution limit of ~ 2 nm. To characterize
the structure of the Pt deposits, STEM analysis was also performed using the platinized
nanorod powder sample. A typical STEM image of this sample is displayed in Figure 5.3.
Note that the conditions used to photodeposit Pt on the nanorod powder sample were
adjusted to give a similar Pt loading as the 5m-Pt/TiO2 thin film sample, as determined
using XPS. This bright-field image shows that the Pt photodeposition method results in the
formation of small Pt particles, about 1 nm in size, on the surface of the nanorods. Figure
5.4 presents the Ti(2p), Pt(4f), and O(1s) XPS spectra for the NRs after various durations
of Pt photo-deposition. Since each wafer sample used in these experiments had a slightly
different surface area, to facilitate comparison, the area of Pt(4f) and O(1s) peaks were
normalized to the area of the corresponding Ti(2p) peaks. As shown in Figure 5.4a, Ti 2p 3/2
and 2p1/2 peaks for each sample were centered at 459.3 eV and 465.5. The Ti 2p 3/2 peaks
FWHM for the bare, 5m-, and 10m-Pt/TiO2 nanorods were each ~ 1.5 eV, and broadened
slightly to 1.9 eV for the 4h-Pt/TiO2 sample. These results are consistent with the Ti ions
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Figure 5.4. XPS spectra obtained for (a) Ti, (b) O, and (c) Pt, from the B-TiO2 nanorods with
varying amounts of photo-deposited Pt.
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being primarily in the +4 oxidation state,116 and that the titania is nearly fully oxidized. The
Pt(4f) spectra (Figure 5.4c) show that the 4f7/2 and 4f5/2 peaks are centered at 73.4 and 76.6
eV, respectively, and increase in intensity with the length of the photo-deposition interval,
with Pt to Ti peak area ratios of 0.15, 0.19, and 1.34 for the 5m-, 10m-, and 4h-Pt/TiO 2
samples, respectively. These peak positions are consistent with Pt 2+,76,141-143 indicating that
the Pt was initially present as PtO. Additionally, the shoulder at ~78 eV for all platinized
samples suggests the presence of a small amount of higher Pt oxidation states, such as
Pt4+.76,141
The fact that the Pt was oxidized is not surprising since the samples were cleaned
via oxygen plasma prior to the XPS analysis. Although the percent Pt coverage cannot be
easily determined from the peak area ratios listed above due the complex geometry of the
surface of the thin film sample, the low Pt to Ti peak area ratios for the 5m- and 10mPt/TiO2 samples indicate that a significant portion of the nanorods surface is still exposed.
These results are consistent with the STEM results described above which show that the
surfaces of the nanorods are decorated with small Pt particles rather than a continuous Pt
film. The O(1s) spectra displayed in Figure 5.4b contain the O(1s) peak associated with the
B-TiO2 lattice oxygen centered at 530.4 eV. This figure also shows that with increasing
amount of Pt a new O(1s) peak emerges at 532.0 eV which is attributed to oxygen
associated with the Pt, either in the form of oxide anions or as adsorbed hydroxyl species.
Figures 5.5a-c show the effect of annealing in UHV on the Ti, O, and Pt XPS peaks
for the 10m-Pt/TiO2 sample (note that since these data were all collected from the same
sample the data have not been normalized in any way). For each annealing temperature,
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the sample was held at the indicated temperature in UHV for 15 minutes prior to obtaining
the corresponding XPS spectra. Although no impact on the Ti(2p) peaks is discernable after
annealing at 750 K (panel a), the 532 eV shoulder on the O(1s) peak (panel b) was
eliminated by this thermal treatment. For the Pt(4f) spectrum (panel c), annealing above
500 K resulted in the 4f7/2 and 4f5/2 peaks shifting to 72.1 and 75.3 eV, respectively,
2p 3/2
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Figure 5.5. XPS spectra for (a) Ti, (b) O, and (c) Pt, obtained from the 10m-Pt/TiO 2 nanorods
after annealing at various temperatures.

indicating that the deposited Pt has been reduced to Pt 0. Note that vacuum-annealed
samples for which the Pt was in the metallic state were used in all of the TPD experiments
reported below.
Furthermore, it is noted that the ratio of Pt to Ti peak areas remains relatively
constant with annealing, only decreasing by ~15 % after annealing the sample at 750 K,
indicating that agglomeration and/or sintering of the photo-deposited Pt was minor.
Previous studies have shown that Pt films on TiO2 readily agglomerate into particles upon
annealing.144-146 For example, Gao et al. showed that the ratio of Pt(4f) and Ti(2p) XPS
signals for a Pt film deposited on a TiO2(100) surface decreases by as much as 50% upon
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heating to 773 K in UHV.145 The absence of similar attenuation of the Pt(4f) signal for the
platinized NRs in the present study is consistent with the STEM results which show that
the photodeposited Pt was already in cluster form.
To further characterize the surface of the Pt deposits, the thin film samples were
characterized using LEIS both before and after briefly annealing at 750 K in vacuum.
Results for the 5m-Pt/TiO2 sample are displayed in Figure 5.6. The spectrum of the asprepared 5m-Pt/TiO2 sample shows prominent peaks for Ti and O, along with a much
smaller peak for Pt. The ratio of Pt to Ti for this 5m-Pt/TiO2 sample was 0.012. A small
peak for F impurity is also present. Except for disappearance of the F peak, there is no
obvious change in the spectra following annealing to 750 K. The low ratio of the Pt to Ti
peaks observed using LEIS is consistent with the XPS and STEM results, indicating that
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annealing in vacuum at 750 K. The spectra
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only a small fraction of the surface is covered with Pt. Furthermore, the persistence of the
Pt peak in the 750 K annealed spectrum argues against the formation of a TiO x overlayer
on the Pt, which can occur under reducing conditions, as will be discussed below.
5.3.2

Thermally-induced reactions of oxygenates on Pt/TiO 2 nanorods

Methanol thermal chemistry
To explore the thermal reactivity of the Pt-modified B-TiO2 NRs and to provide
base case data for the photochemical reactivity experiments described below, TPD
experiments for the reaction of CH3OH on the NRs under dark conditions were initially
performed. Methanol desorption spectra as a function of the methanol dose for the 5mPt/TiO2 sample are displayed in Figure 5.7. For all methanol doses, a large, narrow peak is
present at 175 K which we attribute to methanol desorption from the sample mounting
hardware which is rapidly heated at the onset of the temperature ramp. Additionally, each
spectrum contains a peak at 235 K, a broad feature between 275 K and 450 K and a peak
centered near 640 K, and for CH3OH doses greater than 5 L a new peak emerges at ~200
K. This latter peak can be attributed to desorption of CH 3OH multilayers. The features
above 275 K in the spectra are in accord with those reported in our previous study,
published in Chapter 4, for of the interaction of methanol with the bare NRs (see insert in
Figure 5.7 which compares the spectra for bare and Pt-covered B-TiO2 nanorod surfaces)
indicating that a significant fraction of the 5m-Pt/TiO2 surface remains Pt-free. The broad
feature between 275 K and 450 K is likely due to a combination of the desorption of
molecularly adsorbed methanol and recombinative desorption of adsorbed methoxide
groups, while as will be discussed below, the high-temperature methanol peak at 640 K is
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a side product of the reaction of adsorbed methoxide groups which occurs at this
temperature.
4h-Pt/TiO2
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Figure 5.7. Methanol TPD spectra from 5m-Pt/B-TiO2 nanorods, for various methanol doses
as indicated in the figure. The insert gives methanol desorption spectra at saturation coverage
for the bare, 5m-, 10m-, and 4h-Pt/TiO2 nanorods. Note that the desorption spectrum for the
bare nanorods displayed in the insert is reproduced from our previous study from Chapter 4
for comparison purposes.

The peak at 235 K may be at least partially due to methanol adsorbed molecularly
or in multilayers on bare portions of the NRs. Indeed, a minor desorption feature is evident
at this temperature in the desorption spectrum from the bare NRs (see insert in Figure 5.7).
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However, this insert also shows that this feature is significantly enhanced following Pt
deposition on the NRs, such that the methanol desorption spectrum obtained from the 4hPt/TiO2 sample consists almost entirely of a peak near this temperature. The 4h-Pt/TiO 2
desorption spectrum is also in agreement with previous TPD studies of the interaction of
methanol with Pt single crystal surfaces.147-149 Thus, desorption of methanol adsorbed on
the photo-deposited Pt also contributes to the peak at 235 K.
As shown in Figure 5.8, in addition to the reactant, methanol, a range of reaction
products including H2O, CH4, CH2O, and CH3OCH3 were observed during TPD from the
methanol-dosed 5m-Pt/TiO2 NRs. By comparison to our previous work in Chapter 4 with
B-TiO2 and studies of the reaction of methanol on both anatase and rutile
TiO2,22,29,30,94,120,150 all of these products can be attributed to reaction of methanol on the
surface of the B-TiO2 NRs. Briefly, the water peak at 405 K is assigned to the reaction of
surface hydroxyl species formed during dissociative adsorption of CH3OH. This pathway
competes with recombinative desorption of adsorbed methoxy and hydroxyl species and
results in a portion of the methoxy groups becoming “stranded” on the surface. These
stranded methoxy groups react at high temperature via several different pathways to
produce the remaining products observed. First, they may undergo dehydrogenation to
produce formaldehyde at 660 K and adsorbed H atoms which combine with a portion of
the remaining adsorbed methoxy groups to give the high-temperature CH 3OH peak at 640
K. Alternatively, the methoxy groups may deoxygenate to produce the methane product
observed at 660 K. This pathway is thought to occur on oxygen vacancy sites. 22,29,30,94,150
Lastly, the dimethyl ether (DME) product observed at 630 K is attributed to the bimolecular
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coupling of adsorbed methoxy groups at surface Ti cations possessing multiple
coordination vacancies.22,30,94,120
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Figure 5.8. TPD spectra obtained from the 5m-Pt/TiO 2 nanorods after dosing CH3OH at
saturation coverage.

Figure 5.9 compares the yields of the primary methanol reaction products from the
bare and Pt-decorated NRs and shows how the product yields are affected by the extent of
Pt photo-deposition. Note that the product yields in this figure have been normalized by
the yield of the methanol desorption signal from each sample to account for any difference
in surface area between the samples. Note also that these spectra were obtained using a
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saturation dose of methanol. These data show that the yield of each product decreases with
increasing extent of Pt deposition on the surface demonstrating that, at least regarding
methanol, the Pt merely acts to block the adsorption and reaction sites on the B-TiO 2
surface and, for the conditions used here, there is no evidence for reaction of the methanol
on the supported Pt. This is a somewhat surprising result that will be discussed in more
detail below.

The methanol product yields from O2 and H2O-pretreated NRs are also presented
in Figure 5.9. These data show that O2 pretreatment results in a small increase in
formaldehyde yield at the expense of methane. These minor changes in product selectivity
are not surprising, as oxygen likely adsorbs at vacancy sites responsible for methanol
deoxygenation. On the other hand, the yields of all products from the H 2O-pretreated NRs
are significantly lower, indicating that water acts simply to block the active sites for
methanol dissociation and reaction.
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Figure 5.9. Normalized yields of carbon-containing products during CH 3OH TPD from the
bare nanorods as well as the 5m-, 10m-, and 4h-Pt/TiO 2 nanorods, along with products from
the 5m-Pt/TiO2 nanorods pretreated with O2 and H2O.

Acetaldehyde thermal chemistry
Acetaldehyde was also used as a probe reagent to evaluate how Pt deposition
impacted the reactivity of the NRs. Coverage variation experiments confirmed that a 5 L
acetaldehyde dose was sufficient to saturate the surface of the NRs. Figures 5.10 a-c give
select acetaldehyde TPD results from nanorod samples with varying extents of
platinization. Note that the TPD data for the bare NRs (Figure 5.10a) are reproduced from
our previous study in Chapter 4 for comparison. These TPD spectra contain a large
CH3CHO desorption peak centered at 290 K and small amounts of coupling products
crotonaldehyde and butene, as well as trace amounts of their respective dehydrogenation
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and hydrogenation products butadiene and crotyl alcohol between 400 K and 525 K. The
production of crotonaldehyde has previously been attributed to an aldol condensation
reaction that occurs on fully oxidized portions of the nanorod surfaces. In contrast, the
butene, which is produced via a McMurry coupling mechanism, has been shown to occur
on undercoordinated Ti sites, such as those at step edges or adjacent to oxygen vacancies.
For a thorough discussion of these coupling pathways the reader is again referred to our
previous studies, found in Chapters 3 and 4 of this dissertation, of the reaction of
acetaldehyde on bare B-TiO2 NRs and various other A-TiO2 nanocrystalline materials.
Finally, a small amount of ketene is produced at 675 K which can be attributed to the
decomposition of adsorbed acetate species which are formed by partial oxidation of
adsorbed acetaldehyde species at lower temperature.
Comparison of the acetaldehyde TPD data for the bare-TiO 2 and 5m-Pt/TiO2
samples (Figures 5.10a and b, respectively) reveals that the added Pt had only a small effect
on the surface reactivity with the primary changes being the appearance of a new
acetaldehyde peak at 200 K, a small ethanol peak at 270 K, and a decrease in the amount
of crotonaldehyde produced between 425 and 520 K. We attribute the two former features
to desorption or reaction of acetaldehyde on the supported Pt. This assignment is consistent
with the fact that these features persist and grow in intensity in the TPD spectra from the
4h-Pt/TiO2 sample (Figure 5.10c). The acetaldehyde desorption spectrum in Figure 5.10c
is also similar to those reported previously for acetaldehyde TPD from single crystal Pt
surfaces, confirming that the 4h-Pt/TiO2 sample was mostly covered with Pt.151
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Figure 5.10. TPD spectra after dosing acetaldehyde at saturation coverage, obtained from (a)
bare nanorods, (b) the 5m-Pt/TiO2 nanorods, and (c) the 4h-Pt/TiO2 nanorods. TPD spectra
from these same samples with 2 hours UV exposure following acetaldehyde dosing are
presented in Figures d-f, respectively. Note that the signal scaling values for each species are
held constant for comparison purposes.
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Figure 5.11 quantifies these observations, displaying the acetaldehyde TPD product
yields for the various extents of surface platinization. The most striking feature here is the
rapid decrease in the crotonaldehyde yield with increasing Pt deposition and the lack of a
similar effect for the butene yield. This result perhaps suggests that the photo-deposition
of the Pt occurs more readily on the fully oxidized portions of the TiO2 surface which
contain the active sites for aldol condensation than on or near oxygen vacancy or other
defect sites. Alternatively, it is possible that this decrease in aldol condensation activity is
due to enhanced reaction kinetics for McMurry coupling on the deposited Pt, facilitating
butene production before aldol condensation can occur.
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Figure 5.11. Product yields of carbon-containing products during acetaldehyde TPD from the
bare nanorods as well as the 5m-Pt/TiO2, 10m-Pt/TiO2, and 4h-Pt/TiO2 nanorods.
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The acetaldehyde product yields from the O2 and H2O-pretreated 5m-Pt/TiO2 are
given in Figure 5.12. These data show that pretreatment of the NRs by either O 2 or H2O
has a significant impact on the reaction pathways for acetaldehyde. Note that O 2
pretreatment resulted in a significant shift in selectivity toward ketene at the expense of
butene. This trend is in good agreement with our previous report in Chapter 3 on the impact
of O2 pretreatment for bare A-TiO2 nanocrystals which showed a similar behavior upon O2
predosing, indicating that the oxygen adsorbs at vacancy sites which are the active sites for
reductive coupling and also participates in the thermal oxidation of adsorbed acetaldehyde
to acetate.
Figure 5.12 also shows that there is little change in both ketene and crotonaldehyde
yields for the H2O-pretreated Pt/TiO2 NRs while butene yield is again suppressed, likely
due to water adsorption at oxygen vacancy sites. Ethanol production, however, is
significantly enhanced by the presence of water. This is not surprising, as the Pt likely
facilitates water dissociation to provide additional hydroxyl groups which may then react
with adsorbed acetaldehyde at the Pt clusters to give the observed ethanol product.
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Figure 5.12. Fractional yields of carbon-containing products during acetaldehyde TPD from
the 5m-Pt/TiO2 nanorods for various surface pretreatments.

5.3.3 Photocatalytic reactions of oxygenates on Pt/TiO 2 nanorods
As previously noted in the materials and methods section, in these experiments the
sample was first dosed with the reactant and then illuminated with UV light for a specified
amount of time while holding the sample at 150 K, followed by TPD. Thus, photocatalytic
activity may be evaluated by measuring how product yields change as a function of the UV
exposure interval. The effectiveness of this technique for assessing the impact of
nanocrystal length on photocatalytic activity was demonstrated in our previous study in
Chapter 4 using bare B-TiO2 NRs.
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Methanol Photochemistry
In our previous study in Chapter 4 it was shown that exposure of a methanol-dosed
B-TiO2 nanorod sample to UV light results in the appearance of methyl formate as a
product at both 280 K and 580 K in the subsequent TPD experiment. The methyl formate
produced at 280 K was demonstrated to result from the photocoupling of adsorbed methoxy
and molecular methanol, while the 580 K product resulted from the reaction of adsorbed
methoxy groups with photogenerated surface formate species. This photocoupling of
methanol to produce methyl formate has also been observed for a variety of other TiO 2
surfaces.21,22,35,94,126,152 In the present study, decorating the surface of the B-TiO2 NRs with
Pt was found to suppress both of these methanol photocoupling pathways. This is shown
in the lower panel (a) of Figure 5.13 which displays the methyl formate TPD spectrum
obtained from the 5m-Pt/TiO2 sample dosed with CH3OH, as a function of the UV
illumination time. Note that for the 1 h and 2 h illumination times almost no methyl formate
is produced. Even after 3 h of illumination only a small methyl formate peak is observed
at 260 K while the high-temperature methyl formate peak is still not present.
Interestingly, predosing the 5m-Pt/TiO2 sample with O2 was found to significantly
enhance the photocatalytic activity. This is demonstrated in the upper panel (b) in Figure
5.13 which shows methyl formate TPD spectra obtained from the 5m-Pt/TiO 2 sample that
was dosed with 25 L O2 prior to dosing CH3OH, as a function of the UV illumination time.
Note that with increasing UV illumination time methyl formate peaks build in at both 260
and 590 K. Since these peak temperatures are nearly the same as those for the Pt-free and
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Figure 5.13. Methyl formate desorption spectra obtained from the 5m-Pt/TiO 2 nanorods
following dosing CH3OH at saturation coverage. The lower panel (a) shows methyl formate
desorption spectra obtained as a function of the duration of UV exposure. For the methyl
formate desorption spectra in the upper panel (b), the sample was pretreated with 25 L O2
before CH3OH dosing.

non-oxygen pretreated B-TiO2 NRs (a comparison between the Pt-free and the O2pretreated 5m-Pt/TiO2 NRs is given in Figure 5.14), we conclude that both reaction
pathways must be taking place on the surface of the NRs rather than on the Pt. No other
photocatalytic products were detected from the O2-pretreated NRs. These results seem to
indicate that the Pt deposits do not provide active sites for any photochemical reactions for
methanol, but rather oxygen adsorbed on the Pt helps facilitate the photochemical reactions
151

5m-Pt/TiO2 Nanorods pretreated with 25 L O2

(b)

Mass Spec Signal (a.u.)

3h UV
uv

Bare TiO2 Nanorods

150

250

350
450
550
Temperature (K)

(a)

650

750

Figure 5.14. Normalized methyl formate yields from TPD of methanol dosed at saturation
following 3 h UV exposure for the Pt-free nanorods (lower panel, a) and the O2-pretreated
5m-Pt/TiO2 nanorods (upper panel, b). The similarity in both the high- and low-temperature
methyl formate peaks indicates that these two reaction pathways are not changed by the
deposition of Pt. However, the yield of both the high- and low-temperature products from the
O2-pretreated 5m-Pt/TiO2 sample is ~ 33 % greater than from the Pt-free sample, indicating
that the O2 adsorbed at these Pt deposits facilitates these photochemical reactions taking place
on the bare portions of the nanorods.

that take place on the bare portions of the B-TiO2 nanorod surface. The possible origin of
this effect will be discussed below. Similar experiments were also conducted with H 2Opretreated Pt/TiO2 NRs, but no photocatalytic products were observed in these
experiments.
Acetaldehyde photochemistry
Figure 5.10d displays TPD results for acetaldehyde from the bare TiO 2 NRs,
following UV exposure for 2 hours. These data were previously presented in our study of
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the thermal and photocatalytic activity of the bare NRs given in Chapter 4 and is only
reproduced here for comparison purposes. This figure shows that the primary
photocatalytic product for acetaldehyde on the NRs is ketene, which is the decomposition
product of surface acetate that is formed by the photo-oxidation of acetaldehyde, according
to Scheme 1 below.
𝐶𝐻 𝐶𝐻𝑂(

)

+𝑂( ) → 𝐶𝐻 𝐶𝑂𝑂(

)

+ 𝐻(

)

⎯ 𝐶𝐻 𝐶𝑂 + 𝐻 𝑂

(1)

This photo-oxidation process is widely reported in the literature and is often viewed as a
surrogate measure for photocatalytic activity.35,58,101,115,153,154
The TPD experiment presented in Figure 5.10d with 2 hours UV exposure after
acetaldehyde dosing on the bare NRs was replicated using the 5m-Pt/TiO 2 NRs and the
product desorption spectra are presented in Figure 5.10e. These data again show that the
deposited Pt appear to block sites on the nanorod surface resulting in a decrease in the yield
of both the thermal products and the ketene photochemical product that result from
acetaldehyde reaction on the TiO2 surface. This trend continued for the 4h-Pt/TiO2 sample
where even less products were produced (Figure 5.10f). It should also be noted here that
an alternative photocatalytic pathway for acetaldehyde photo-decomposition via methyl
group ejection, leaving behind an adsorbed formate species, has been previously observed
on R-TiO2 surfaces.35,43 However, as discussed in Chapter 4, this alternative photocatalytic
pathway was not observed on the bare NRs. Similarly, no evidence of this pathway was
observed in the present study for any of the platinized NR samples.
As was done for methanol, the effect of co-adsorbed O2 or H2O on the
photocatalytic reaction of acetaldehyde on the Pt/TiO2 NRs was also studied. In these
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experiments the platinized nanorod sample was dosed with either 25 L of O 2 or 2.5 L of
H2O, followed by 5 L of acetaldehyde before performing a dark or UV-TPD run. The
ketene yields obtained in these experiments as a function of UV exposure for the 5mPt/TiO2 sample are presented in Figure 5.15a. The initial slope of the yield vs. UV exposure
curve provides a measure of the rate of the photocatalytic oxidation of adsorbed
acetaldehyde to acetate and these rates are displayed in Figure 5.15b. These data show that
co-adsorbed water inhibits the rate of the photocatalytic reaction.
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Figure 5.15. (a) Ketene yields from TPD of acetaldehyde dosed at saturation on the 5mPt/TiO2 nanorods with various surface pretreatments. (b) Initial slopes (rates) for ketene
production from the 5m-Pt/TiO2 nanorods with various surface pretreatments.

The results for O2 are much more interesting, however, and show that O 2
pretreatment significantly enhances the rate of the photocatalytic reaction, with the
platinized NRs producing 20% more ketene than the Pt-free NRs after only 20 minutes of
UV exposure. We have done similar experiments with Pt-free NRs and it was observed
that O2 predosing resulted in an increase in the amount of ketene produced by the thermal
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pathway but did not change the rate of the photocatalytic pathway. Figure 5.16 illustrates
some of these experiments, showing Ketene yields from TPD of acetaldehyde dosed at
saturation, with and without oxygen pretreatment, for a system of 21 nm nanorods. In this
figure, the increased ketene yield from O2 pretreatment with no UV exposure (t = 0 h)
indicates that adsorption of oxygen at vacancy sites increases the activity for the partial
oxidation of acetaldehyde to acetate; however, it is apparent that this ketene increase upon
O2 pretreatment is uniform across all UV exposure intervals, suggesting that the presence
of adsorbed oxygen has no impact on the rate of photo-generated adsorbed acetate. This
independence of photo-activity on the presence of adsorbed oxygen, indicates that the
availability of oxygen vacancies at the bare nanorod surface do not alter the dynamics of
0.09
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21 nm nanorods
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Figure 5.16. Ketene yields from TPD of acetaldehyde dosed at saturation on bare 21 nm
nanorods, with and without oxygen pretreatment. In the O2-pretreatment experiments the
nanocrystal films were sequentially dosed with 25 L O2 and then 5 L acetaldehyde and then
exposed to UV light for a predetermined time interval, followed by TPD.
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the photogenerated charge carriers, and also suggests that electron trapping at these highly
undercoordinated vacancy sites does not occur to any appreciable extent. Given these
results for the Pt-free nanorods, the contrasting behavior of the 5m-Pt/TiO 2 sample
demonstrated in Figure 5.15 therefore indicates that the enhanced photocatalytic rate upon
oxygen predosing is associated with the presence of Pt on the surface.
There are several possibilities as to how the Pt may be affecting the photoactivity
of the O2-preodosed 5m-Pt/TiO2 sample. For example, the oxygen-covered Pt may
participate directly by providing active sites for the reaction, by helping to populate the
TiO2 surface with adsorbed oxygen through a spillover effect, or alternatively it could be
affecting the charge dynamics on the surface. To provide additional insight into how the
O2 pretreatment step is impacting the photoactivity of the Pt-modified NRs, we performed
an additional experiment in which the 5m-Pt/TiO2 NRs were pretreated with isotopicallylabeled oxygen-18, followed by 5 L of acetaldehyde and then 2 hours UV exposure. The
TPD spectra for this experiment are given in Figure 5.17. As shown in this figure, the
ketene produced in this experiment contained only 16O and not any of the 18O which was
predosed on the sample. Recall that the ketene product at 675 K results from the thermal
decomposition of adsorbed acetate (CH3COO) that is formed by the photo-oxidation of
acetaldehyde at low temperature. Thus, if the predosed

18

O participated directly in the

photo-oxidation reaction, a mixture of CH2=C=16O and CH2=C=18O would be produced.
The data in Figure 5.17 rules out this possibility and demonstrates that photo-oxidation of
the acetaldehyde involves only oxygen from the B-TiO 2 lattice as indicated in Scheme 1.
This suggests that preadsorbing oxygen on the Pt is influencing the photocatalytic reaction
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by affecting the surface charge dynamics. This possibility will be discussed in more detail
below.
18O

2 pre-treatment

H218O (5x)

Intensity (a.u.)

H2O (0.5x)
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150

250

ketene-18O (5x)
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Figure 5.17. TPD spectra from the 5m-Pt/TiO2 nanorods pretreated with 18O2 and dosed with
acetaldehyde at saturation coverage, followed by 2 hours UV exposure.

In addition to the photoactivity effects observed for ketene, Figures 5.10e and f
show that ethanol yield is increased upon UV exposure for the platinized NRs. Figure 5.18
further illustrates how ethanol yield is influenced by the interval of UV exposure for the
5m-Pt/TiO2 NRs. This figure shows that ethanol yield may be moderately enhanced by
exposing the platinized NRs to UV light; the dependence of ethanol production on the
presence of surface Pt, along with the reductive nature of this photocatalytic pathway,
indicates that ethanol is being produced by the photo-reduction of acetaldehyde adsorbed
on the Pt particles. The results from the H2O pretreatment experiments are also presented
in Figure 5.18 and show that ethanol yield is greatly enhanced by UV exposure, increasing
by almost 4-fold after 10 minutes, and about 7.5-fold after 40 minutes, at which point
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ethanol yield gradually declines upon additional UV exposure. The findings presented in
Figures 5.15 and 5.18 illustrate how the presence of adsorbed species on the surface of the
platinized NRs may have a significant influence on photocatalytic pathways.
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Figure 5.18. Ethanol yields from TPD of acetaldehyde dosed at saturation coverage on the
5m-Pt/TiO2 nanorods, with and without H2O pretreatment, as a function of UV illumination
interval.

5.4

Discussion
In this study we investigated how decorating the surface of B-TiO2 NRs with Pt

impacts their thermal and photocatalytic reactivity toward methanol and acetaldehyde.
With respect to the activity for thermally-induced reactions, somewhat surprisingly, the Pt
appeared to primarily act as a site blocker and have low reactivity towards both reactants.
This is illustrated by the data in Figure 5.9 for the reaction of methanol on the Pt/TiO2
samples which show the yields of the primary products formaldehyde, methane, and DME,
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which are formed by methanol reaction on the B-TiO2, continually decrease with increasing
Pt loading, and no additional products which can be attributed to reaction of methanol on
the Pt were observed. In previous studies, it has been found that methanol reacts on titaniasupported Pt particles to give primarily CO and H 2.155,156 For example, Galhenage et al.
performed methanol TPD experiments for Pt supported on R-TiO 2(110) under similar
conditions as those used in the present study and observed H 2 and CO as the primary
products at 275 K and 490 K, respectively.155 Studies of single crystal Pt(111) surfaces
show similar reactivity for methanol, giving primarily H2 and CO, with H2O also being
detected in the presence of O2.147
The acetaldehyde TPD results from the Pt-modified NRs show similar trends as
observed for methanol in that Pt appears to mitigate aldol condensation to crotonaldehyde
(see Figure 5.11), and the primary TPD products, H2, H2O, CO, and CO2, typically
observed for reaction of acetaldehyde on clean and O-covered Pt are not observed. 151,157
The supported Pt particles, however, do possess minor activity for the hydrogenation of
acetaldehyde to ethanol. It is noteworthy that the Pt had no effect on the McMurry coupling
pathway that produced butene. Since this pathway likely proceeds on undercoordinated and
oxygen vacancy sites, this result suggests that Pt photo-deposition occurs more readily on
the fully oxidized portions of the B-TiO2 surface which contains the active sites for the
aldol condensation pathway. As noted above, it is also possible that Pt, in covering the
oxide surface, is enhancing the reaction kinetics for McMurry coupling, leading to the
observed decrease in crotonaldehyde while maintaining activity for butene.
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The so-called strong metal support interaction (SMSI), which is known to occur for
Pt/TiO2, is one possible explanation for the apparent inactivity of the Pt deposits on the BTiO2 NRs. While this effect was initially thought to be due to electronic interactions
between Pt and TiO2, it was subsequently shown that under reducing conditions a thin TiO x
film (1 – 2 atomic layers in thickness) can migrate over small supported metal particles,
effectively blocking their surfaces from adsorbates.158-161 A recent study by Zhang et al.
used in situ transmission electron microcopy (TEM) to show the dynamics of the formation
of these encapsulating titania suboxide layers on both Pd and Pt particles supported on
commercial P25 TiO2 as a function of the oxygen chemical potential.159 Since UHV is
mildly reducing, it is possible that an encapsulating TiOx layer formed on the Pt particles
on the B-TiO2 NRs used in the present study when they were annealed in vacuum. Zhang
et al. noted, however, that the oxygen chemical potential at which the formation of the
TiOx overlayer occurs, is much lower than that typical of a UHV chamber and that this
phenomena should not be easily observable under UHV conditions alone. 159 The fact that
we did not see any evidence for the formation of a TiO x overlayer after vacuum-annealing
the Pt/B-TiO2 NRs in UHV, either by Pt signal attenuation in the LEIS spectrum or by
partial reduction of the titania in the XPS spectrum, is consistent with this conclusion.
Acknowledging that limited encapsulation of the Pt with a TiOx film cannot be
completely ruled out, it is also possible that electronic interactions between the Pt and the
B-TiO2 NRs played a role in the apparent inactivity of the supported Pt particles. Numerous
studies can be found in the literature in which shifts in the Pt(4f) peaks in XPS spectra of
Pt/TiO2 samples have been attributed to such interactions. 162-164 However, one must also
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be careful when interpreting these results, since final state effects associated with small
metal particles could also be responsible for the observed XPS peak shifts relative to bulk
Pt.141,165-167 Perhaps due to a combination of these effects or merely due to the small size
of the Pt particles on the B-TiO2 NRs, the Pt on the Pt/B-TiO2 NRs used in the present
study exhibited low reactivity towards both methanol and acetaldehyde.
Pt deposition on the B-TiO2 NRs also influenced their photocatalytic activity. As
shown by a comparison of the 2 h UV exposure acetaldehyde TPD data in Figures 5.10d
and 5.10e, the 5m-Pt/TiO2 nanorod sample produced 68% less ketene via photo-oxidation
of acetaldehyde compared to the Pt-free sample. While this reduction is similar to that
observed for the thermal reaction pathways and is at least partially attributed to Pt site
blocking, even larger diminution in photocatalytic activity was observed for the methanol
reactant. This is demonstrated in the bottom panel (a) of Figure 5.13, which shows that the
activity of the 5m-Pt/TiO2 sample for photocoupling of methanol to produce methyl
formate has been almost completely eliminated. While site blocking likely plays a role
here, this result suggests that the supported Pt particles may also influence photoactivity
by affecting the dynamics of the charge carriers within the NRs. Several previous studies
have also concluded that Pt particles supported on TiO 2 act to capture photogenerated
electrons and that this can facilitate surface electron-hole pair recombination thereby
decreasing activity for photo-oxidation reactions that are catalyzed by the holes. 72,168,169
While the Pt by itself inhibited both catalytic and photocatalytic activity, pretreating
the Pt/TiO2 NRs with O2 was found to significantly enhance the rate of the photocatalytic
reactions (see Figures 5.13 and 5.15). Furthermore, the results for photo-oxidation of
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acetaldehyde to adsorbed acetate on The 5m-Pt/TiO2 sample predosed with

18

O2 (Figure

5.17) demonstrate that the co-adsorbed oxygen is not incorporated into the acetate product.
Thus, the adsorbed oxygen, which appears to be primarily on the Pt, must also be affecting
the rate by altering the dynamics of the surface photogenerated holes or electrons. We
attribute this effect to the reaction of photogenerated conduction band electrons from the
B-TiO2 with adsorbed O2 on the Pt resulting in the formation of a stable superoxide (O 2∙-)
species which very effectively traps electrons. This helps prevent electron-hole
recombination which in turn enhances the rate of the photochemical reactions. This
conclusion is consistent with previous studies in which it has been reported that O 2∙- is an
important photochemical intermediate due to its electron scavenging capability. 42,51,73,170174

For example, Ryu et al. concluded that the formation of adsorbed superoxides enhanced

photocatalytic activity based on the observation that the rate of photocatalytic oxidation of
arsenite in solution was higher for Pt decorated TiO2 when dissolved oxygen was
present.174 This conclusion is also supported by the theoretical work of Muhich et al.,168
who used density functional theory (DFT) to predict that while the rate of recombination
of photogenerated electrons and holes is enhanced by the presence of Pt (as we also observe
in the present study) on A-TiO2(101), the photogenerated electrons may be readily
scavenged by O2 adsorbed on the Pt clusters, generating superoxide species which lower
the rate of electron and hole recombination, potentially resulting in enhanced
photocatalytic activity.
Lastly, we note that while the Pt deposits on the B-TiO2 NRs exhibited low
reactivity, they did exhibit some activity for the hydrogenation of acetaldehyde to produce
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ethanol as shown in Figure 5.10, with the hydrogen required for this reaction being supplied
by one of the other acetaldehyde reaction pathways, e.g. aldol condensation to produce
crotonaldehyde which also produces water or adsorbed hydroxyl groups. This pathway was
enhanced by exposure to UV light, which is not surprising given the reductive nature of
this pathway and the electron-rich condition of the Pt clusters during UV illumination.
Furthermore, the large increase in photoactivity for this pathway upon pretreating the NRs
with water as illustrated in Figure 5.18 can be attributed to photo-dissociation of water
providing a hydrogen source for the reaction. Note that the decrease in ethanol yield for
UV exposure intervals longer than 40 minutes is likely due to further reaction or photostimulated desorption of the ethanol product. To our knowledge, this photocatalytic
pathway has not been previously reported on titania-based materials. However, multiple
recent studies have reported on the activity of various TiO2 particles decorated with Pt, as
well as other noble metals, for CO2 photo-reduction to methanol, which has generated
much interest in the photocatalysis community.19,175-178 The mechanism for this CO2 photoreduction pathway is believed to go through formate and formaldehyde intermediates,
which may then be subsequently reduced to methanol.179-183 Given these reports, it is
therefore not surprising to see the analogous reduction process of acetaldehyde to ethanol
on our Pt-modified NRs.
5.5

Conclusions
The results of this study provide detailed insight into the mechanisms by which Pt

influences the thermal and photocatalytic properties of the B-TiO 2 NRs. With respect to
activity for thermally-induced reactions, TPD results for both methanol and acetaldehyde
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showed that Pt acts primarily as a site blocker, with the Pt-modified NRs displaying lower
product yields than the Pt-free NRs for both reactants. Butene yield from acetaldehyde via
the McMurry coupling pathway, however, was unchanged for all amounts of Pt deposition,
suggesting that Pt photo-deposition possibly occurs more readily on the fully oxidized
portions of the B-TiO2 surface rather than on the undercoordinated Ti sites responsible for
the McMurry coupling reaction.
Pt deposition on the NRs also resulted in lower photocatalytic activity for the photooxidation of both methanol and acetaldehyde. Although lower photocatalytic activity is at
least partially attributed to site blocking, the results suggest that the Pt deposits may also
influence photoactivity by affecting the dynamics of the charge carriers within the NRs and
by facilitating surface electron-hole pair recombination.
Pretreating the Pt/TiO2 NRs with O2 was found to significantly enhance activity for the
photo-oxidation reactions of methanol and acetaldehyde. This was attributed to the reaction
of photogenerated conduction band electrons from the B-TiO2 with the adsorbed O2 on the
Pt to form stable superoxide species, thereby preventing electron-hole recombination and
enhancing photocatalytic activity.
Lastly, it was found that, while the small amount of ethanol produced from the Ptmodified NRs increased by exposure to UV light, this pathway could be significantly
enhanced by pretreating the NRs with water. The production of ethanol was attributed to
recombination of acetaldehyde adsorbed on the Pt with hydroxyl species supplied by other
reaction pathways. The enhancement provided by the presence of co-adsorbed water
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indicates that this reaction is facilitated by the photo-dissociation of water, providing an
additional hydrogen source for the reaction.
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CHAPTER 6. THE INFLUENCE OF SURFACE PLATINUM
DEPOSITS ON THE PHOTOCATALYTIC ACTIVITY OF ANATASE
TiO2 NANOCRYSTALS 4
Summary
This publication examined the effect of Pt deposition on the catalytic properties of
the anatase-TiO2 nanocrystals previously reported on in Chapter 3. Specifically, this
publication utilized the 10 nm bipyramids and 14 nm platelets from that study, exploring
studying how Pt deposition impacted their thermal and photocatalytic activity toward
acetaldehyde. This publication expanded on the investigation from the previous chapter,
which examined the influence of Pt deposition on the lesser-known brookite phase
nanorods. The Pt-decorated nanocrystals were characterized by scanning transmission
electron microscopy (STEM), energy dispersive x-ray spectroscopy (EDS), x-ray
photoelectron spectroscopy (XPS) and temperature-programmed desorption (TPD). As
was found in the previous study, the Pt deposits were found to act as site blockers for
catalytic reactions of acetaldehyde on the oxide surface, as well as charge carrier
recombination centers, suppressing photocatalytic activity. Additionally, O2 pretreatment
was found to restore photocatalytic activity, indicating that charge carrier recombination
could be prevented by superoxide radical formation at the Pt deposits. These results

4

This chapter was published as Pepin, P.A.; Lee, J. D.; Foucher, A. C.; Murray, C. B.; Stach, E. A.; Vohs,
J. M.; The Journal of Physical Chemistry C 123 (2019) 10477-10486.
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demonstrate how the dynamics of the photogenerated charge carriers may be influenced
both by the presence of Pt deposits and adsorbates at the surface of a photocatalyst.
6.1

Introduction
Photocatalysts are a promising class of materials for lowering our dependence on

fossil fuels, as they utilize sunlight rather than thermal energy to promote chemical
transformations, such as the production of H2 via water splitting.133,135,184 TiO2 is often
viewed as the prototypical photocatalyst, absorbing light in the near-UV range (indirect
band gap of about 3.2 eV ) and exhibiting activity for a range of photocatalytic
reactions25,133,185 including the photo-oxidation of CO, ethanol, and other simple organic
molecules, and has consequently been the subject of extensive study. 42,47,101,104,125,137,186-188
To enhance photocatalytic properties and optimize catalysts for specific chemical
transformations, a detailed understanding of reaction mechanisms and how the surface and
bulk properties of the catalysts affect activity is needed. Studies using model systems
consisting of extended single crystal surfaces have proven quite useful in this regard,
especially for TiO2, both by providing insight into how surface structure influences the
thermal- and photo-catalytic properties and by facilitating the use of surface sensitive
spectroscopic probes to characterize adsorbed intermediates.35,39,42,43,47,101,136,188 Yet,
despite the wealth of information gained from these studies, there are still many questions
about the processes which govern photocatalytic activity. For example, it is known that
nanostructure also significantly influences the photocatalytic activity of TiO 250,51,53,54 but
the low dimensionality of single crystal model catalysts and the inherent heterogeneity of
high surface area powders, unfortunately, do not lend themselves to studying this important
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phenomena. Recent advances in the synthesis of nanomaterials have, however, provided
many opportunities to systematically explore the relationships between nanostructure and
photocatalytic activity. Consequently, studies investigating the photocatalytic activity of
various TiO2-based materials with well-defined nanostructures have started to appear in
the literature,22,51,53,58,60,61,67,88,90,91,94,189 including several from our group where we have
used monodisperse samples of TiO2 nanoparticles to characterize structure-activity
relationships for the photo-oxidation of simple organic molecules, such as methanol and
acetaldehyde.22,94
These studies have also been expanded to include how decorating specific TiO 2
surfaces with metals, e.g. Pt, influences activity. Several studies have demonstrated that
photo-reduction of Pt ions from solution occurs more readily on specific surface facets on
well-defined TiO2 nanoparticles, indicating that the photogenerated charge carriers (i.e.
electrons and holes) preferentially migrate to the different facets.56,61,190 Moreover, a
number of reports have found that decorating TiO2 surfaces with Pt enhances
photoactivity25,61,64,69-74. While this has typically been attributed to the formation of a
Schottky barrier at the Pt/TiO2 interface resulting in accumulation of the photogenerated
electrons within the Pt deposits, preventing recombination with nearby holes, 25,61,71,72
others have observed that under certain conditions Pt deposition can instead lower
photocatalytic activity.73-76 In Chapter 5, we investigated these apparent inconsistencies
using a novel system of brookite-phase TiO2 (B-TiO2) nanorods (NRs) decorated with Pt.
We found that, in vacuum, these B-TiO2 NRs demonstrated decreased photoactivity upon
platinization; however, this behavior was reversed by pretreatment with oxygen. The
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results from this study were intriguing, suggesting that oxygen adsorbed on the Pt deposits
plays an important role in preventing charge carrier recombination, presumably by reacting
with photoelectrons to form superoxide species.
Given these recent observations, the goal of the present study is three-fold: First,
we seek to expand our study of these interesting photocatalytic phenomena to more
commonly-encountered phases of TiO2, such as anatase TiO2 (A-TiO2). Although the BTiO2 NRs in the previous study provided a convenient system to study the effects of Pt
decoration, given their highly monodispersed nature, this metastable phase of TiO 2 has
proven difficult to synthesize in pure form and, consequently, is rarely encountered.
Second, we seek to further explore how the dynamics of photogenerated charge carriers
are affected by the nanostructure of the TiO2 that has been decorated with Pt. By evaluating
the influence of shape on the photoactivity of the Pt-decorated NCs, further insight may be
gained into how nanostructure affects the behavior of photogenerated charge carriers
within and at the surface of A-TiO2. Third, we seek to gain additional insight about how
the presence of adsorbed species, such as O2, affect the photocatalytic activity of Ptdecorated TiO2 NCs. To accomplish these objectives, we investigated the photoactivity of
two separate monodisperse samples of Pt-decorated A-TiO 2 NCs with different crystallite
morphologies for the photo-oxidation of acetaldehyde to adsorbed acetate.
6.2

Materials and Methods
Well-defined, monodisperse, decahedral A-TiO2 NCs with either a bipyramidal

structure, possessing a high fraction of (101) faceted sides, or a platelet structure,
possessing a high fraction of (001) faceted end caps, were used in this study. The synthesis
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of these TiO2 NCs has previously been well-documented by Gordon et al.46 In this study,
bipyramids with dimensions of 10 nm end-to-end and 3 nm across at the (001) facets, and
platelets with a thickness of 6 nm and 14 nm across at the (001) facets, were used. TEM
images of these two samples, along with an illustration of the bipyramidal and platelet NCs
showing the different facets, are given in Figures 6.1a-c. These TEM images were collected
on a JEOL JEM-1400 microscope operating at 120 kV.

Figure 6.1. TEM micrographs of the as-synthesized A-TiO2 (a) bipyramid, and (b) platelet
NCs. An illustration of the faceted A-TiO2 NCs, depicting the (001) endcaps and (101) sides,
is provided in (c).

The A-TiO2 NCs were used both in powder form and cast as thin films onto an
oxidized silicon wafer substrate. The latter were prepared by suspending the A-TiO 2 NCs
in hexane and drop-casting onto oxidized silicon wafers and allowing the solvent to
evaporate. Individual 5 × 7 mm samples were then cut from the silicon wafer. For both
types of samples, the NCs were decorated with Pt via photo-reduction of Pt ions from
solution. This was done by suspending each sample in 25 ml of 1 mM
tetraammineplatinum(II) nitrate (Alfa Aesar, 99.99%) and 0.1 M methanol (99.9%, Fisher
Scientific) and then illuminating with a 365 nm UV LED light source (Sunlite) at a photon
flux of 1016 cm-2 s-1. The illumination times for the powder and thin film samples were
adjusted to obtain similar Pt coverages, as determined by x-ray photoelectron spectroscopy
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(XPS). After Pt deposition, the samples were dried at 313 K for 1 h and placed in a plasma
cleaner for 4 minutes using a 67 % Argon and 33 % O2 gas mix.
The Pt weight loading on the NCs was determined to be 0.1 % using inductivelycoupled-plasma (ICP) mass spectrometry. Scanning transmission electron microscopy
(STEM) and energy dispersive x-ray spectroscopy (EDS) images of the platinized powder
samples were collected by suspending the platinized NCs in ethanol and depositing onto
lacey carbon films on a copper TEM grid. STEM and EDS images were acquired with a
JEOL JEM-F200 microscope operating at 200 kV. High resolution STEM images were
also acquired using a JEOL NEOARM microscope operating at 80 kV. STEM and EDS
images of the platinized bipyramids are provided in Figure 6.2.

Figure 6.2. STEM bright field image of the platinized bipyramids is presented in (a). High
resolution STEM bright field and corresponding dark field images are given in (b) and (c),
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respectively. EDS images of the outlined region in (a) are given in (d-f) for Ti, O, and Pt,
respectively.

Temperature-programmed desorption (TPD) of CO was conducted on the Ptdecorated NCs using a high-vacuum (HV) chamber equipped with a tantalum foil basket
suspended inside a radiantly-heated quartz tube. The NC powder samples were placed in
the basket and initially annealed at 750 K for 5 minutes in a vacuum of 1 × 10 -8 Torr to
remove surface contaminants. The HV chamber was equipped with a quadrupole mass
spectrometer (Stanford Research Systems) and a leak valve which allowed for the careful
introduction of reagents into the chamber. CO was supplied from a cylinder of high purity
CO (99.9%, Matheson) connected to the leak valve. TPD was conducted by exposing the
sample to CO followed by evacuation to less than 2 × 10-8 Torr for 30 min to remove excess
CO. The sample was then heated at 10 K min -1 up to 773 K while simultaneously
monitoring the desorption of CO using the mass spectrometer.
TPD was also used to characterize the thermal and photochemical activity of the
thin film samples. These experiments were conducted using an ultrahigh vacuum (UHV)
surface analysis system equipped with a quadrupole mass spectrometer (Stanford Research
Systems) and a gas handling system, comprised of a stainless-steel manifold and leak valve
which allowed for controlled reagent dosing into the vacuum system. For these experiments
a platinized NC film sample was secured in a tantalum foil holder which was spot-welded
to an electrical feedthrough at the end of a multi-axis manipulator. The manipulator was
then installed onto the UHV chamber. The manipulator contained a reservoir which could
be filled with liquid N2, allowing the sample to be cooled conductively to 150 K. Sample
heating was accomplished by resistively heating the tantalum foil holder using an external
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dc power supply connected to the electrical feedthrough. The sample temperature was
monitored with a type-K thermocouple attached to the back of the sample using a hightemperature zirconia-based adhesive (Aremco Ultra-Temp 516). To clean the surface of
the NCs of any residual contaminants, the samples were initially annealed at 750 K in 2 ×
10-8 Torr of O2 for 15 minutes, followed by 5 minutes in vacuum at 5 × 10 -10 Torr.
Using this setup, TPD experiments were performed by dosing reagents onto the
NCs, followed by positioning the sample in front of the quadrupole mass spectrometer and
heating the sample at 3 K/s while simultaneously recording the desorption products. To
minimize interference due to desorption products coming from the tantalum holder during
TPD, a quartz shroud with an aperture at the end was placed around the mass spectrometer.
The acetaldehyde (CH3CHO, 99.5%, Acros) reactant was contained in a glass vial attached
to the stainless-steel manifold and was degassed using several freeze-pump-thaw cycles.
Using coverage variation experiments it was determined that a 5 L acetaldehyde dose was
sufficient to saturate the surface of the NCs. Consequently, all UHV TPD experiments
presented in this study were conducted with this dosage of acetaldehyde. The effect of
adsorbed oxygen on the reactivity of the Pt-decorated NCs was also studied. High purity
O2 (99.9%, Matheson) was dosed from a cylinder connected to the stainless-steel manifold.
All O2-pretreatment experiments performed in this study were conducted with a 25 L O 2
dose.
For photocatalytic evaluation of the NCs, the reagent-dosed film samples were
positioned in front of a 365 nm UV LED light source and illuminated for a predetermined
time period before performing TPD. The UV light was introduced into the vacuum
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chamber via a fiber optic feedthrough, which provided a photon flux of 10 15 cm-2 s-1 at the
sample surface. The samples were maintained at 150 K throughout the reagent dosing and
UV illumination steps to minimize O2 and acetaldehyde desorption.
Desorption products during TPD were distinguished by their individual cracking
patterns and quantified using calculated mass spectrometer sensitivity factors. Multiple m/z
ratios were monitored during the TPD routines to verify the identity of the desorption
products. During TPD, the principal m/z values used to quantify the product yields were 42
(ketene, CH2CO), 18 (H2O), 28 (CO), 29 (acetaldehyde, CH3CHO), 44 (CO2), 45 (ethanol,
CH3CH2OH), 54 (butadiene, C4H6), 56 (butene, C4H8), 57 (crotyl alcohol,
CH3CH=CHCH2OH), 70 (crotonaldehyde, CH3CH=CHCHO), and 72 (2-butanone,
CH3CH2COCH3).
XPS spectra were acquired using a separate UHV chamber equipped with an Al Kα
X-ray source (VG Microtech) and a hemispherical electron energy analyzer (LeyboldHeraeus). The binding energies of all XPS spectra were referenced to the C(1s) peak at
284.8 eV arising from adventitious carbon.
6.3

Results and Discussion

6.3.1 Catalyst Characterization
In this study, STEM, EDS, and XPS were used to characterize the nature of the
photo-deposited Pt at the surface of the A-TiO 2 NCs. The STEM images for the bipyramids
in Figures 6.2a,b show that Pt is deposited in small clusters, about 1 nm in size, that are
dispersed across the surface of the NCs. These Pt deposits are more readily apparent in the
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dark-field image provided in Figure 6.2c. We note that previous studies have shown that
photochemical deposition of Pt on A-TiO2 occurs preferentially on (101) surfaces
compared to (001) surfaces.56,61 The resolution of the STEM images in Figure 6.2 are
insufficient to make that determination for the samples used here. The EDS maps in Figures
6.2d-f clearly show, however, the highly dispersed nature of the Pt deposits on the
bipyramids.
XPS spectra of the Ti(2p), O(1s), and Pt(4f) regions for the platinized bipyramid
thin film sample before and after annealing in vacuum are presented in Figure 6.3. These
spectra indicate that the TiO2 surface is fully oxidized, with the Ti(2p3/2) peak located at
459.3 eV, and the O(1s) peak at 530.4 eV.116 The Pt signal for the as-prepared sample in
Figure 6.3c shows the Pt(4f7/2) peak is located at 74.6 eV, which is consistent with the Pt
being in an oxidized state (Pt+2)76,141 and is likely a consequence of the Ar/O2 plasma
cleaning procedure. After annealing in vacuum at 750 K, the Pt(4f 7/2) peak attenuates by
35 %, which can be attributed to limited particle agglomeration, and shifts to 71.9 eV,
indicating reduction of the Pt. Although this value is still slightly higher than that for bulk
Pt metal, it is comparable with previous reports for similarly-sized oxide-supported Pt
particles, indicating the particles have been fully reduced. 141,165,166
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Figure 6.3. XPS spectra obtained for (a) Ti, (b) O, and (c) Pt, from the Pt/A-TiO 2 bipyramids
before and after annealing in vacuum at 750 K.

It has been demonstrated that a TiOx layer only 1-2 monolayers thick can migrate
over Pt particles supported on TiO2 under reducing conditions at elevated temperatures. 158161

This process is often referred to as the strong metal support interaction (SMSI) state.

Since UHV is mildly reducing, the possibility that this may have occurred while annealing
the samples used in this study must be considered. We have previously shown in Chapter
5, however, using low-energy ion scattering (LEIS) that, for conditions identical to those
used here, encapsulation of Pt particles supported on B-TiO 2 NRs does not occur. We also
note that, while the TiOx sub-oxide that migrates over the Pt is reported to contain Ti in 2+
and/or 3+ oxidation states159,160, the XPS results in Figure 6.3a show that after annealing
the Ti signal still consists entirely of Ti4+ with no evidence of the formation of lower
oxidation states of Ti arising from the formation the SMSI state.
To further characterize the surface state of the Pt deposits, CO TPD was conducted
with the Pt-decorated powder samples, following vacuum annealing at 750 K. Note that
previous studies have shown that CO desorbs completely from TiO2 surfaces below 250
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K,191-193 but interacts more strongly with Pt, desorbing between 400 K to 450 K. 75,193,194
CO TPD data from the Pt-decorated bipyramids is presented in Figure 6.4. The small, sharp
desorption peak at the onset of heating can be attributed to CO desorption from the metal
sample basket and the chamber walls. The large peak at 400 K however is consistent with
CO desorption from the Pt deposits. This result provides additional evidence that the Pt

Signal (a.u.)

surfaces are still exposed for the samples used in this study.

250

350

450
550
Temperature (K)

650

Figure 6.4. CO TPD spectrum from the platinized bipyramids dosed at saturation, following
annealing in vacuum at 750 K.

6.3.2 Acetaldehyde Reactivity on the Pt/A-TiO 2 Nanocrystals
In Chapter 3, as well as previous studies from our group, the reaction of
acetaldehyde and various other oxygenates have been studied on the surface of the
undecorated A-TiO2 NCs with the goal of understanding how shape and size influence their
thermal and photocatalytic properties.22,94 In Chapter 3 we found that both the (101) and
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(001) facets exhibited similar activity for various reaction pathways of acetaldehyde. On
the (101) and (001) surfaces, the primary reaction pathway observed for acetaldehyde was
aldol condensation to produce crotonaldehyde.
Scheme 1. Aldol condensation pathways for acetaldehyde on planar A-TiO 2 surfaces.

2𝐶𝐻 𝐶𝐻𝑂(

)

+ 𝑂( ) → −𝐶𝐻 𝐶𝐻𝑂(

)

𝐶𝐻 𝐶𝐻 = 𝐶𝐻𝐶𝐻𝑂(

+ 𝐻 𝑂 + 𝑂( )

)

+ 𝑂𝐻(

)

+ 𝐶𝐻 𝐶𝐻𝑂(

)

→

Conversely, by varying particle size, the edges were found to be primarily active for
reductive McMurry coupling to produce butene.
Scheme 2. McMurry coupling pathway for acetaldehyde at A-TiO 2 undercoordinated edge
sites.

2𝐶𝐻 𝐶𝐻𝑂(

)

+ 2𝑉(

)

→ 𝐶𝐻 𝐶𝐻 = 𝐶𝐻 𝐶𝐻 + 2𝑂( )

where V(O) represents an oxygen vacancy.
To investigate how the decoration of the A-TiO 2 NCs with Pt affects these two
reaction pathways, TPD of acetaldehyde was conducted using the Pt-decorated bipyramids
as shown in Figure 6.5b. The TPD spectra in this figure show that the Pt-decorated
bipyramids were active for the two reaction pathways discussed above, with both
crotonaldehyde and butene being the primary reaction products detected. For comparison,
acetaldehyde TPD data for the bare bipyramids are also included in the figure (Figure 6.5a).
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Figure 6.5. TPD spectra after dosing acetaldehyde at saturation coverage, obtained from (a)
bare bipyramids, and the (b) the Pt-decorated bipyramids. TPD spectra from these same
samples with 2 hours UV exposure following acetaldehyde dosing are presented in Figures c
and d, respectively.

Comparing Figures 6.5a and b, the added Pt causes a moderate decrease in the
amount of molecularly-adsorbed acetaldehyde on the oxide surface, as indicated by the
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lower intensity of the 290 K peak, with the added appearance of a new peak at 200 K,
which can be attributed to acetaldehyde desorption from the Pt deposits. This is consistent
with a fraction of the oxide surface being covered with Pt. Additionally, the Pt causes a
decrease in crotonaldehyde production at 425 K, and an increase in butene production at
450 K. Similar data was also collected for the platelet Pt/TiO 2 NCs and is presented in
Figure 6.6. Figures 6.7a and b quantify the TPD results, showing the variation in the
primary reaction product yields between the Pt-decorated bipyramid and platelet NCs
compared to the Pt-free samples. Note that the product yields in this figure have been
normalized to account for minor differences in surface area. These data indicate that, while
Pt is likely blocking sites for aldol condensation on the planar oxide surfaces, McMurry
coupling at the edges is unaffected. Indeed, the moderate increase in butene yield indicates
that this reductive coupling pathway may also be occurring on the Pt deposits.
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Figure 6.6. TPD spectra after dosing acetaldehyde at saturation coverage, obtained from (a)
bare platelets, and the (b) the Pt-decorated platelets. TPD spectra from these same samples
with 2 hours UV exposure following acetaldehyde dosing are presented in Figures c and d,
respectively.
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Figure 6.7. Product yields of primary products during acetaldehyde TPD from the (a)
bipyramids, and (b) platelets, with and without Pt deposition and O2 pretreatment.

Also included in Figure 6.7 are product yields from the Pt-free and Pt-decorated ATiO2 NCs which have first been pretreated with molecular O2. As mentioned in the
experimental section, for these experiments, the samples were predosed with 25 L of O 2
before dosing acetaldehyde. These results show that, for both the Pt-free and Pt-decorated
NCs, O2 pretreatment shifts the product selectivity toward crotonaldehyde at the expense
of butene. The Pt-decorated NCs, however, demonstrate a lower shift in selectivity toward
crotonaldehyde upon O2 pretreatment than do the Pt-free NCs. The data in Figure 6.8 also
show that the ketene yields from all samples are enhanced by O2 pretreatment. Ketene is
the decomposition product of adsorbed acetate species which are formed by the partial
oxidation of acetaldehyde on the oxide surface, as illustrated by reaction Scheme 3.
Scheme 3. Ketene reaction pathway from acetaldehyde partial oxidation on TiO 2 in UHV.
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⎯ 𝐶𝐻 𝐶𝑂 + 𝐻 𝑂

The increase in ketene production from the Pt-decorated samples upon O 2 pretreatment
however is substantially lessened. Thus, these results again indicate that Pt deposition
effectively blocks the sites at the planar oxide surfaces that are active for either aldol
condensation or partial oxidation of acetaldehyde.
A major objective of this study was to investigate the processes by which Pt
influences the dynamics of photogenerated charge carriers in the A-TiO 2 NCs. In our
previous study, we found that the primary photocatalytic pathway for the reaction of
acetaldehyde on the Pt-free A-TiO2 NCs was photo-oxidation to acetate. In that study, we
also found that size and shape had a strong influence on the rate of photo-oxidation, with
NCs of larger size or possessing a higher fraction of (001) end caps demonstrating higher
rates of photo-oxidation. Figure 6.5c shows the TPD product spectra for the Pt-free
bipyramids dosed with acetaldehyde, followed by 2 h UV exposure. In this figure, there is
very little change in the product spectra from that of Figure 6.5a, with the exception of a
new peak for ketene that appears at 670 K resulting from the photo-oxidation of
acetaldehyde to acetate. These TPD results are similar to those presented in our previous
study, albeit with less photo-generated ketene, given the small size of the NCs used in
Chapter 3. It is important to note that another photocatalytic pathway for the reaction of
acetaldehyde on R-TiO2 surfaces has been observed where a methyl radical is ejected from
the molecule, leaving behind an adsorbed formate species.35,43 This additional pathway was
not observed from the Pt-free NCs used in Chapter 3 or from either the Pt-free or Ptdecorated NCs used in the present study.
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Figure 6.5d presents the corresponding TPD spectra from the Pt-decorated
bipyramids dosed with acetaldehyde at saturation and exposed to UV light for 2 h. Again,
there are no significant changes in the desorption spectra from the Pt-decorated bipyramids
due to the 2 h UV exposure. Notably, however, there also does not appear to be any
photochemical ketene production from this sample, indicating that the Pt deposits have
deactivated the NCs for this photo-oxidation pathway. A similar result was also obtained
for the platelet sample (see Figure 6.6). This inactivity of the Pt-decorated bipyramids and
platelets is further illustrated by the lower datasets in Figures 6.8a and 6.9a, respectively,
which plot ketene yields from acetaldehyde TPD as a function of UV exposure time.
Although some activity loss may be expected due to site blocking, the complete inactivity
of the NCs indicates that the lifetimes of the photogenerated charge carriers have been
significantly compromised by the Pt, presumably due to increased charge carrier
recombination at the Pt deposits. These results are again consistent with our findings in
Chapter 5 from the Pt-decorated B-TiO2 NRs, which behaved similarly upon Pt deposition.
Furthermore, the comparable lack of photoactivity exhibited by both the bipyramids and
platelets suggests that, at this length scale, the location of the Pt deposits at the various
surface facets is inconsequential for this deactivation mechanism.
While the addition of Pt onto the TiO2 NC surfaces inhibited photocatalytic activity,
pretreating the Pt-decorated bipyramids with O2 was found to restore and/or enhance their
photocatalytic activity. This is demonstrated by the upper dataset in Figure 6.8a. These data
also show that O2 pretreatment enhances the activity for the thermal oxidation of
acetaldehyde, as demonstrated by the ketene yield values along the y-axis at t = 0, which
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correspond to the values given previously in Figure 6.7a. To further illustrate the impact
of the O2 pretreatment on the photoactivity of the Pt-decorated bipyramids, the initial
ketene photo-production rates, as determined by the initial slope of the datasets in Figure
6.8a, are presented in Figure 6.8b. For comparison, this figure also includes the
corresponding initial rate data for the Pt-free bipyramids. As previously demonstrated in
Chapter 3, the results presented in Figure 6.8b show that O 2 pretreatment does not alter the
photocatalytic activity of the Pt-free bipyramids. In contrast, Figure 6.8b shows that O 2
pretreatment restores – and significantly enhances – the photocatalytic activity of the Ptdecorated bipyramids.
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Figure 6.8. (a) Ketene yields from TPD of acetaldehyde dosed at saturation on the Ptbipyramids with and without O2 pretreatment. (b) Initial slopes (rates) for ketene production
from the bipyramids with various surface treatments.
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Figures 6.9a and b show the corresponding data for the photocatalytic activity of
the Pt-free and Pt-decorated A-TiO2 platelets with and without O2 pretreatment. Although
the Pt-free platelets are much more active than the Pt-free bipyramids, due to the larger
fraction of exposed (001) facets, these data show that the Pt-decorated platelets also
demonstrate an increase in photocatalytic activity upon O 2 pretreatment as did the
platinized bipyramids, however the restoration of photocatalytic activity is not as
pronounced.
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Figure 6.9. (a) Ketene yields from TPD of acetaldehyde dosed at saturation on the Pt-platelets
with and without O2 pretreatment. (b) Initial slopes (rates) for ketene production from the
platelets with various surface treatments.

The observation of shape-dependence on the restoration of photoactivity for the Ptdecorated NCs by O2 is intriguing, as there are multiple factors to consider. One possible
explanation for this shape-dependence may be the difference in available area for Pt photo186

reduction between the two samples. As previously mentioned, it has been demonstrated
that Pt selectively deposits onto (101) facets, due to the preferential migration of
photoelectrons to these facets.56,61 The platelets therefore, which expose a much smaller
fraction of these (101) facets, likely form fewer, larger Pt deposits at their surface,
effectively limiting the number of adsorbed O2 molecules available for photoelectron
trapping. Additionally, it is possible that surface structure plays an important role in the
rate of charge carrier recombination. The work mentioned above by Muhich et al. 168 was
limited to only studying Pt deposited on the A-TiO2(101) surface. It could, however, be
possible that photogenerated holes at the (001) surfaces are still in close enough proximity
to react with the superoxide species at the Pt deposits. Furthermore, it may be possible that
any Pt deposited on the (001) surface, even in small quantities, disrupts the facet-driven
charge carrier separation process, attracting electrons to the hole-rich (001) facets instead
of to the (101) facets. The effects of this would likely be detrimental to the lifetimes of the
photogenerated charge carriers and would also presumably be greater for the platelets
which expose a higher fraction of (001) facets. Although further study is necessary to
determine the impact that each of these factors is having on the photoactivity of the NCs,
it is likely that each of these possibilities is impacting the extent to which photocatalytic
activity is restored to these two samples. Thus, further investigation using tools such as
DFT will be necessary to better understand how each of these possibilities may be affecting
the dynamics of photogenerated charge carriers at the different facets of TiO 2.
The photo-enhancement of the Pt-decorated NCs brought about by oxygen is
intriguing given that the Pt-free samples did not show this behavior. These results are again
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consistent with our previous results in Chapter 5 for the B-TiO 2 NRs, which only showed
photo-enhancement when decorated with Pt and pretreated with O 2. In that chapter, we
probed the mechanism by which O2 pretreatment restored photoactivity by performing
experiments using isotopic 18O2 pretreatment. These experiments also showed restoration
of the photocatalytic activity of the Pt-decorated nanorods for ketene production, but the
isotopically-labeled oxygen was not incorporated into the ketene product. This
demonstrated that the oxygen associated with the Pt deposits was not directly participating
in the photocatalytic oxidation of acetaldehyde, but instead was likely reacting with
photogenerated conduction band electrons to form stable superoxide (O 2∙-) species at the Pt
deposits, thereby preventing electron-hole recombination and enhancing the lifetimes of
the photogenerated holes.
To further explore the role of adsorbed molecular oxygen on the photocatalytic
activity of the A-TiO2 NCs, a series of experiments were conducted in the present study
using the Pt-decorated platelets where the O2-pretreated NCs were first heated to an
intermediate temperature, referred to here as a partial flash step, to partially desorb some
of the O2 on the surface. After this partial flash step, the sample was again cooled, followed
by acetaldehyde dosing, UV exposure, and then TPD. The ketene desorption spectra
obtained from this series of experiments are displayed in Figure 6.10a. The ketene yields
from these experiments are plotted in Figure 6.10b as a function of the partial flash
temperature. As expected, these data show that ketene yields decrease as the partial flash
temperature increases. It is unclear from these experiments however, whether this yield
decrease is due to lowered activity for the thermal oxidation pathway rather than the
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photochemical oxidation pathway. To help answer this question, a series of similar
experiments were performed without UV exposure and are also presented in Figure 6.10b.
Comparing the ketene yield trends from the two datasets in Figure 6.10b provides
some insight into how surface oxygen influences the activity of the thermal and
photocatalytic oxidation pathways. These data show that the attenuation in ketene yield
occurs much more rapidly for partial flash temperatures between 150 and 225 K for the
UV-exposed sample compared to the dark sample. Since previous studies have found that
O2 adsorbs molecularly on Pt below ~225 K and desorbs at higher temperatures, 195 these
results provide further evidence that molecularly adsorbed oxygen at the Pt deposits is
responsible for enhancing the photocatalytic activity of the Pt-decorated NCs.
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Figure 6.10. (a) Ketene desorption spectra from the O2-pretreated Pt-decorated platelets,
partially flashed to various intermediate temperatures before acetaldehyde dosing. (b)
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Ketene product yields from the O2-pretreated Pt-decorated platelets as a function of this
partial flash temperature.

As noted above, we hypothesize that this enhancement is due to trapping of the
photogenerated conduction band electrons by the adsorbed O2 at the Pt deposits, increasing
the lifetimes of the holes that are involved in the photo-oxidation reaction on the oxide
surface. This proposed mechanism for photo-enhancement is in close agreement with the
theoretical work of Muhich et al..168 In their density functional theory (DFT) study, they
predict that the rate of recombination of photogenerated electrons and holes will be
enhanced by the presence of Pt at an A-TiO2(101) surface; furthermore, they also predict
that the photogenerated electrons captured by the Pt deposits may instead react with O 2
adsorbed on the Pt to generate O2∙- species, preventing their recombination and prolonging
the lifetimes of the photogenerated holes at the surface. 168
6.4

Conclusions
By studying the thermal and photocatalytic properties of various shape and size-

selected A-TiO2 NCs, this study provides valuable insight into the mechanisms governing
the photocatalytic activity of a system of well-defined A-TiO2 NCs. First, by studying how
Pt deposition altered the thermal activity of the A-TiO2 NCs, we demonstrated that Pt was
preferentially photo-deposited onto the NCs at the fully oxidized planar sites, blocking the
active sites for acetaldehyde aldol condensation and partial oxidation, and not at the
undercoordinated edges responsible for reductive McMurry coupling to butene.
Photocatalytic experiments showed that the Pt-modified NCs demonstrated
photoactivity that was significantly lower than the Pt-free NCs. This decrease in activity
was attributed to the recombination of charge carriers at the surface, which was facilitated
190

by the Pt deposits. This diminished photoactivity could however be reversed by pretreating
the Pt-decorated NCs with O2, which presumably reacted with photogenerated electrons at
the Pt deposits, preventing their recombination and prolonging the lifetimes of the
photogenerated holes at the surface. These results were consistent both with computational
predictions for A-TiO2168 and with our previous results in Chapter 5 obtained from a system
of Pt-decorated B-TiO2 NRs. The role of this adsorbed oxygen on the photocatalytic
activity of the NCs was further explored by performing a series of partial flash experiments
to remove a portion of the adsorbed oxygen. These experiments showed that photocatalytic
enhancement was primarily achieved when molecular O 2 was adsorbed at the Pt deposits,
indicating that O2∙- is likely the principal species responsible for preventing electron-hole
recombination.
Lastly, the degree to which photocatalytic activity could be restored by O 2
pretreatment appeared to be shape-dependent, with the Pt-decorated bipyramids
demonstrating a much higher degree of photocatalytic restoration than the Pt-decorated
platelets. Although these findings suggest that O2∙- species adsorbed at Pt deposits on the
(101) facets may be more effective for trapping photoelectrons than at Pt deposits on the
(001) facets, more investigation is necessary to determine how nanoparticle shape is
influencing this photo-enhancement mechanism.
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CHAPTER 7. CONCLUSIONS
7.1

Summary
The work in this dissertation research project focused on investigating the

relationships between nanostructure and activity for the thermal and photocatalytic reaction
pathways occurring at the surface of well-defined metal oxide nanoparticles. The findings
of the research conducted as part of this dissertation provide valuable insight about how
nanostructure influences the properties of a material. By using well-defined metal oxide
nanoparticles to study how shape and size influenced the thermal and photocatalytic
properties of a material, this research was able to overcome the geometric constraints of
many previous studies using single crystal materials. The use of these well-defined
nanoparticles was made possible by recent developments in the synthesis of metal oxide
nanocrystals and through collaboration with the Murray research group in the Chemistry
department at the University of Pennsylvania. These well-defined materials were
extensively studied in this dissertation research project using traditional surface science
techniques by casting into thin films on inert substrates. These nanoparticles were
characterized using x-ray photoelectron spectroscopy, auger electron spectroscopy, and
low energy ion scattering, as well as various imaging techniques such as scanning electron
microscopy, transmission electron microscopy, and scanning transmission electron
microscopy. The activity of these nanoparticles for the reaction pathways of methanol,
acetaldehyde, and acetic acid was also widely studied using temperature programmed
desorption in UHV.
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In Chapters 3 and 4, the influence of nanostructure on the thermal and
photocatalytic properties of these materials is clearly demonstrated. Chapter 3 explores
how shape and size influence the various reaction pathways for acetaldehyde on a system
of well-defined anatase TiO2 nanoparticles. By increasing the size of these nanoparticles,
it was found that the activity for thermal crotonaldehyde production increased at the
expense of thermal butene production, clearly demonstrating the role of edge sites for the
reductive coupling of acetaldehyde to Butene. Additionally, it was found that both shape
and size influenced the photocatalytic activity of the nanoparticles, with both larger
particles and particles exposing high fractions of (001) facets, demonstrating higher
activity for acetaldehyde photo-oxidation to acetate. These findings provided insight into
how charge carrier dynamics were influenced by nanostructure, with charge carriers
showing preferential migration to certain planes over others, as well as how the volume of
a particle influences the dynamics of charge carrier recombination.
Chapter 4 provides further insight into how particle size influences the activity of a
material. In this chapter, novel brookite-phase TiO 2 nanorods were used to study how
nanostructure influences photoactivity. This study clearly demonstrated the relationship
between particle size and photoactivity, with longer nanorods displaying higher activity for
the photo-oxidation reactions of both acetaldehyde and methyl formate, indicating that the
rate of charge carrier recombination may be lowered by providing a larger volume for
charge carrier delocalization.
Chapters 5 and 6 demonstrated the impact of a surface deposited noble metal
catalyst such as Pt on the thermal and photocatalytic properties of TiO 2. In these chapters,
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the nanoparticles previously studied in chapters 3 and 4 were modified by photodepositing
Pt from solution onto their surface. The Pt deposits greatly influenced the photocatalytic
properties of the nanoparticles and provided insight into the mechanisms by which Pt
influences the properties of the TiO2 nanoparticles. It was found that, after only a small
amount of Pt deposition, activity for the photo-oxidation reactions of both methanol and
acetaldehyde were sharply decreased, indicating that these Pt deposits were likely
adversely affecting the lifetimes of the photogenerated charge carriers by facilitating
surface electron-hole pair recombination. Pretreating the platinized nanoparticles with O 2
however was found to significantly enhance activity for the photo-oxidation reactions of
methanol and acetaldehyde. This enhancement was attributed to reaction of photo-excited
conduction band electrons from the TiO2 nanoparticle, which were captured by the Pt
deposits, with O2 adsorbed on the Pt to form stable superoxide species, thereby preventing
electron-hole recombination and enhancing photocatalytic activity.
7.2

Future Work
As noted in the introduction to this dissertation, photocatalytic materials offer much

promise as an alternative source of sustainable energy and much progress has been made
in improving the efficiency of these materials. This research project provides additional
insight into how the activity of these materials may be further enhanced. However, as was
also mentioned, there is still much progress to be made before these materials can become
economically viable for commercial energy production or chemicals manufacturing. Thus,
further research is necessary to gain sufficient insight into the mechanisms governing the
dynamics of photogenerated charge carriers and the overall photoactivity of a material.
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One significant area to be explored is how the composition of a material influences the
dynamics of photogenerated charge carriers and their lifetimes at the surface. In this study,
TiO2-based materials were used exclusively, given its prototypical behavior for catalyzing
both thermal and photocatalytic reactions. There are however a host of other materials that
also demonstrate photocatalytic activity for various reactions. For example, materials such
as ZnS, CoOx, and FeOx, to name a few, have demonstrated activity for photocatalytic
reactions ranging from water oxidation to the degradation of organic pollutants in
solution.196-200 Given the recent progress in the synthesis of nanostructured materials, 201-204
significant opportunity exists for continued research into how both morphology and
composition influence the photocatalytic properties of a material.
Another potential item of study is how the band gap of photocatalytic materials may
be tuned to maximize their efficiency of natural sunlight. As discussed previously, the band
gap of TiO2 materials used in this research project was ~ 3 eV (~ 400 nm light), absorbing
light in the UV range. At this band gap however, the potential solar efficiency of TiO 2based materials is at most only about 4 %, with most wavelengths in the visible range going
unabsorbed. Thus, lowering the band gap of TiO2-based materials to capture more of the
solar spectrum is of significant interest for improving the prospects for TiO 2-based
photocatalytic materials. Doping TiO2 with elements such as Fe, C, Cr, and N has resulted
in narrowing of the TiO2 band gap,205-207 offering additional incentive for studying the
effect of composition on the photocatalytic properties of well-defined materials.
An alternative approach for improving the efficiency of photocatalysts is the design
of layered structures, with each layer possessing a different band gap, allowing photons of
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different wavelengths to be captured while also minimizing the amount of energy lost as
heat. As outlined in Chapter 1, this approach has been successfully demonstrated in the
field of photovoltaics, where PV cells with efficiencies as high as 46 % have recently been
reported,7 greatly exceeding the 34 % theoretical maximum Shockley-Queisser limit for
single band gap materials. Similarly, much opportunity exists for exploring multi-junction
nanostructured materials for photocatalytic applications.
Lastly, this project demonstrated the efficacy of using thin films of well-defined
nanomaterials for fundamental studies of structure-activity relationships. This approach
strongly complements more traditional studies using single crystal materials by providing
insight into how higher order geometric characteristics, such as edges, volume, and aspect
ratio, influence activity and thus offers significant potential for understanding and
advancing a wide array of catalytic processes.
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