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Dissertation Director:

Fuat E. Celik

Elucidating structural and compositional polymorph changes of multi-phase
semiconductors in a quick and quantitative manner is important for their manufacturing
and applications in catalysis alike. Derivative peak fitting of diffuse-reflectance UV-
visible spectra (DPR) is presented as an inexpensive, fast and quantitative method to
estimate both the composition of a multi-phase semiconductor sample as well as the band
gap energies of each component semiconductor in the mixture. Compositional
measurements from DPR were in good quantitative agreement with XRD and Raman
analysis. The application of in situ UV-Visible Spectroscopy DPR allowed for the on-
stream determination of the onset temperature for rutilization during calcination.

The synthesis and modification of anatase phase titanium dioxide was
investigated. High pressure high temperature annealing (HPHT) under various gases

lacking a partial pressure of oxygen induces the formation of paramagnetic defects as



measured by Electron Paramagnetic Resonance (EPR) and X-ray Photoelectron
Spectroscopy (XPS). The presence of these defects increased the metal-free
photocatalytic activity of the samples towards hydrogen evolution from photocatalytic
methane steam reforming (MSR) under UV illumination. The high concentration of
unique Ti*" defect sites generated during annealing catalyze hydrogen evolution,
avoiding the need for precious metal cocatalysts, while anatase lacking these defects is
inactive.

Metal-free hydrogen evolution from MSR over the annealed anatase and is
compared to hydrogen evolution over the annealed sample with a nickel cocatalyst. The
addition of nickel cocatalyst increased the photocatalytic methane activation as well as
the hydrogen production rate between 773 K and 973 K. Under UV illumination catalyst
activity was stable for hydrogen generation from MSR at a steam to carbon ratio of 0.9
for over 8 hours, owing to the regeneration of Ti* defects by UV photoexcitation,
preventing coking on the surface, while activity decayed in the dark due to coking on the
nickel cocatalyst. This work shows that the implementation of nickel supported on
defect-rich anatase TiO> for highly stable photocatalytic hydrogen evolution from MSR
with a major reduction in coking at low steam to carbon ratios.

Low pressure flame synthesis using a burner-stabilized premixed stagnation flat
flame was employed to produce high surface area, carbon doped, anatase TiO> with a
particle size below the quantum confinement limit. These nanoparticles had a 3.5-fold
decrease in particle size (7 nm) and a 12-fold increase in surface area (187 m? g*t)
compared to commercial anatase. When the as synthesized particles are heated above

473 K, a majority of the carbon in the sample migrates to the surface and burns off, while



this process decreases the overall surface area of the sample, it slightly increases the
particle size therefore decreases the band gap energy while increasing the average pore

diameter, and the photocatalytic activity as measured by photocatalytic water reduction.
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Chapter 1: Introduction
1.1 Hydrogen Gas, Fuel

Hydrogen gas has long been touted as a zero emissions fuel.* However, the majority
of hydrogen is commercially produced from non-renewable, non-sustainable processes
such as the steam reforming of fossil-fuel derived methane. If hydrogen could be derived
from renewable sources such as biomass or biogas efficiently at large scales, then hydrogen
would become and even more viable alternative to fossil fuels. Two promising sources of
biogas are anaerobic digestion of food waste and capture of eking and flared landfill gas.
The net-carbon-neutral production of hydrogen can be achieved via the photocatalytic
reforming of biomass or the photocatalytic steam reforming of methane derived from the
anaerobic digestion of food waste. The desired product of the photocatalytic methane steam
reforming (PMSR) is hydrogen gas, although carbon dioxide (CO.) is produced as a
byproduct during the reforming process. Since the carbon source for this project (biomass
or biogas) came from plant-based materials, the CO, produced during PMSR of biogas is
considered to be part of nature's CO; circle where plants consume CO> from the atmosphere
upon growth and elute CO2 upon harvesting and consumption. The application of PMSR
units can allow for the implementation of novel methods for small scale production and
on-site carbon filtration, and capture. This would be beneficial to the environment and
landfills alike—as the current method of converting the potent methane gas is complete
combustion to CO> and water. Though CO- is 20 times less potent than methane, there is
still a large loss in efficiency if the methane is simply burned. If a small portion of the

energy stored in methane could be converted into hydrogen gas then this would aid in off-



setting the energy needs of the landfill and the surrounding operations, allowing for

sustainable largely self-contained energy production.

The high heating value of hydrogen, 142.18 MJ kg, compared to methanol, 22.88
MJ kg, or gasoline?, 46.54 MJ kg, increases its desirability as an alternative fuel.
Research and production of hydrogen fuel cells have been increasing over the last decade.
However, its low energy density of 8.4 MJ L (compared to 31.1 MJ L™ for gasoline)®
sparks the need to be able to derive hydrogen on-site from renewable sources. Though
undesirable, a stationary fuel cell with a large footprint is acceptable, however, due to the
low energy density of hydrogen, the widespread acceptance of commercialized hydrogen
fuel cell vehicles and home power units will remain stagnant until two breakthroughs are
achieved: find a way to produce the hydrogen in a renewable and cleanly manner, and
secondarily, find a means to safely store the energy source (hydrogen or precursors) in a

smaller volume.
1.2 Methane Steam Reforming

A majority of the current commercial hydrogen production is from endergonic
processed that require high operational temperatures, such as the steam reforming of fossil
fuel derived methane (natural gas). Figure 1 shows that of the hydrogen produced, 48% is
produced by the reforming of natural gas.*® Only 4% of the current hydrogen production
is done so renewably. This high consumption of non-sustainable fuels to produce a
sustainable fossil fuel alternative needs to be converted to a high consumption of renewable
and sustainable hydrogen precursors in order to increase the beneficial effect of hydrogen
gas as an energy carrier. This work focuses in the hydrogen synthesis route pertaining to

the 0.1% of hydrogen production from other sources, Figure 1.1.
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Figure 1.1 Sources of Hydrogen Production*® in 2015

For every mole of methane reacted, either three moles of hydrogen and one mole
of CO, or four moles of hydrogen and one mole of CO». With the product composition

dependent on the initial methane to steam ratio.
Step 1

CHs+H20 - CO+3H2  AH'r=206 kJ/mol, AGr="142 kJ mol™
Step 2

CO+H0 — COz+ H2 AH’r =-41 kJ/mol, AG’r = -29 kJ mol*!
Overall Reaction®

CHas + 2H20 — CO2+ 4H,  AH'R =165 kJ/mol, AGr = *113 kJ mol*



With a heat of reaction of 165 kJ mol™, and a free energy of 113 kJ mol, methane steam
reforming is a very endothermic and endergonic process. Due to this, the reaction must be
carried out thermochemically at high temperatures, for instance many chemical reformers
run at 900 °C and above with the aid of nickel based catalysts. Not only is the traditional
synthesis of hydrogen gas derived from nonrenewable fossil fuels, it is also energy
intensive. Although hydrogen is promoted as a green fuel, the current production is not
currently a sustainable process. An aim of this thesis if to increase the sustainability of
hydrogen gas by producing it from a renewable source (e.g. landfill derived methane) and

using energy from sunlight to decreased the temperature of reaction.
1.3 Semiconductor

There are three basic classifications of solid materials: conductor, semiconductor,
and insulator. Unlike conductors, both semiconductors and insulators have a discontinuous
electron energy band. Of these bands the one lower in energy, where electrons sit at rest,
is the valence band (VB); the band higher in energy, where electrons are excited to, is
known as the conduction band (CB). The band gap energy (BGE) is the difference in energy
between the VB and the CB. The BGE of an insulator is so large that an electron is not able
to be excited from the valence band to the conduction band. In contrast, a semiconductor
has a discontinuous electron band with a moderately sized band gap. The BGE gap is small
enough that exposure to a certain amount of energy could excite the electron in the valence
band to the conduction band. The energy to excite the electron from the VB to the CB must
be equal to or greater than the BGE, for instance, a semiconductor with a BGE of 3.2 eV

can only be excited by energy greater than 3.2 eV (i.e. orange visible light (625 nm) has an



energy of 2.0 eV and would not be sufficient to excite an electron from the VB to the CB).

Figure 1.2 illustrates how a semiconductor can be used in photocatalysis.
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Figure 1.2 Electron-hole Pair Driving Oxidation and Reduction Reactions

As seen in Figure 1.2, upon illumination, the electron is excited from the valence
band of the semiconductor to the conduction band, leaving behind a positively charged
hole. The highest occupied molecular orbital (HOMO) of the electron donor (ie. the species
being oxidized) must have a higher energy than the valence band of the semiconductor.
The donor electron is transferred to the lower energy hole in the semi conductor’s valence
band. It follows that the lowest unoccupied molecular orbital (LUMO) of the electron
acceptor (ie. The species being reduced) must be lower in energy than the conduction band
of the semiconductor.” The electron from the conduction band of the photocatalyst is
accepted in the lower energy hole in the LUMO of the acceptor. The valence and
conduction band positions of TiO, meet these criteria for the steam reforming of methane
and methanol to produce hydrogen gas. It is for this reason, among others, that titania based

catalysts are studied in this work.

1.3.1 Direct vs. Indirect Semiconductor



Rutile TiO2 is known to be a direct semiconductor, while anatase TiO: is known to
be an indirect semiconductor. Direct indicates that the smallest energy difference between
the minimal energy state in the conduction band and the maximal energy state in the
conduction band is a direct path from the valence band to the conduction band, whereas
indirect indicates that the smallest energy difference is not via a direct path, but rather an

indirect path requiring a change in phonon energy, as depicted in Figure 1.3.
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Figure 1.3 E vs k diagram of Direct and Indirect Band Gap Depiction

The E vs k diagram, drawn above, is used to attain information regarding the energy
of specific orbitals along the k, where k is related to the momentum of an electron in the
orbital of periodicity of e**.2 In essence, k represents the momentum of the electron where
the minimum value of k is zero and the maximum value is /A. Therefore, when an electron
is excited in a direct BGE semiconductor there is no change in momentum, but in an
indirect semiconductor there is. The laws of conservation require that both charge and
momentum be maintained such that the sum of the photon energy and the phonon energy

is equal to that of the change in band gap energy.

Ephoton + Ephonon = Eg



And therefore
Ak = Akphonon

The momentum change during the excitation of the electron in an indirect

semiconductor must equal the phonon energy dissipated by a lattice vibration.

Since the electrons follow either a direct or indirect path during excitation the band
gap must be measured for the correct band structure. In order to do so there is one method,
the Tauc plot can be used to find both the direct and indirect BGE. When finding the
indirect BGE one uses the square root of the Tauc equation, Tauc”, whereas when finding

the direct BGE one uses the square of the Tauc equation, Tauc?.
1.3.2 Titanium Dioxide

Titanium Dioxide (TiO) is a photocatalytic semiconductor of interest due to its
activity, stability, and low cost. ®1° Unlike other photoactive semiconductors, such as zinc
oxide or silicon dioxide, titanium dioxide remains stable at reaction temperatures and
pressures and does not degrade. Additionally, titanium is desirable to use in as a sustainable
catalyst since it is the ninth most abundant element in the Earth’s crust.!! The two main
phases of TiO., rutile and anatase have cited BGE of 3.03 eV and 3.20 eV, respectively,
which indicate absorbance of photons from ultraviolet light.> As most of incident solar
radiation is visible light, we hypothesize that decreasing the band gap of TiO2 will increase
the efficiency of TiO; as a visible-light active photocatalyst. In order to more efficiently
utilize solar radiation, we propose to modify the band gap of TiO> by manipulating the
catalyst structure and composition via metal nanoparticle deposition, high temperature high

pressure annealing for Ti** formation, and low pressure flame synthesis carbon doping.



Photons from ultraviolet sunlight excite electrons in the bulk of the semiconductor.
As seen in figure 3, an electron, e, is excited from the valence band to the conduction band

while simultaneously creating an electron hole, h*, in the valence band.
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Figure 1.4 Titania Electron-Hole Depiction

In Figure 1.4 the oxidized methanol reacts with the reduced dioxygen forming
hydrogen gas as the desired product. The electron and hole separately diffuse to the surface
of the TiO. particle and react with adsorbed molecules. On the surface of the particle, the
electron hole is the source of the oxidation, while the electron is the source of reduction. In
order for these reactions to occur charge separation must be maintained. If the electron and
hole recombine in the bulk or on the surface, then no reaction takes place. It is hypothesized
that supported metals act as electron traps and therefore supporting a small amount of
metals on the surface of the TiO2 will decrease the electron-hole recombination thus

increasing the quantum photocatalytic efficiency of the photocatalyst.

1.4 Material Properties



1.4.1 Fermi Level

The Fermi level, also known as the fermi surface is the energy surface that separated
the occupied and unoccupied quantum states at absolute zero while at T= 0 K there is a
spread of vacant and occupied states near the Fermi Level, E«.2* All electron states that are
significantly involved in electronic specific heat and electrical and thermal conductivities
reside within the Fermi level of a metal. The fermi level of each of the supported metals

are shown in Table 1.1.

Table 1.1 Fermi Level of Supported Metals®

Metal Fermi Level (eV)
Copper -7.0
Nickel -1.4
Silver -5.49

1.4.2 Benefit of supported metal on TiO2

The ex situ samples are hypothesized to have a mixture of the metal and metal oxide
supported on the TiO., where the amount of oxide is related to the oxophilicity of the metal.
Post-reduction and post-passivation, the metal nanoparticles have a thin coating of oxide,
protecting the metal bulk from oxidizing during reaction. Valence and conduction band

positions of the various metal oxides are shown in Table 1.2.

Table 1.2 Valence and Conduction Band Positions (AVS)
Valence Band  Conduction Band Band Gap

Metal Oxide (eV) (eV) (eV)
CuO | -6.66 -4.96 1.70
NiO | -75 -4.00 3.50

Ag.0 | -5.89 -4.69 1.20

anatase TiO2 | -7.41 -4.21 3.20
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The positions of the valence and conductions bands of anatase TiO, and each supported

metal oxide are depicted in Figure 1.5.
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Figure 1.5 Valence and Conduction Bands of Supported Metal Oxides and TiO>

In order for the metal oxide to be a good co-catalyst it is important that valence
band of the supported metal oxide is more positive than that of TiO2. This is because the
TiO> valence band will act as an electron donor to the higher energy metal oxide valence
band. The composite oxide will then have a smaller band gap than pure TiO2 as the
difference between the valence band of the supported metal oxide and the conduction band

of the TiO- is less than the difference between the valence and conduction band of the TiO».

Post reduction and passivation, the potential change in the effective band gap is due
to an interaction between the valence band of the TiO2 and the Fermi level of the supported
metal. A specific property of each metal, the Fermi level is the energy level at which an
electron will rest at an elevated state. Figure 1.6 depicts the Fermi levels of each supported

metals in comparison to the valence and conduction band positions of anatase TiOx.
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Figure 1.6 Fermi Level with TiO, Valence and Conduction Bands?®

The effective band gap of the TiO: is reduced after metal modification due to the
synergistic effect on electron density between the Fermi level of the metal and the valence
band of TiO2. The Fermi level of the supported metal must have a greater energy than the
valence band of the TiO. support in order to provide the desired synergistic effect. Under
these circumstances the electrons have a higher probability or resting at the Fermi level of
the metal instead of the valence band of the TiO, thus decreasing the effective band gap
of the semiconductor. The band gaps of the metal-modified samples post reduction and

passivation will be measured as part of the proposed work.
1.4.2 Ti® Centers and Oxygen Vacancies

Titanium dioxide is primarily made up of titanium in the 4+ valence state and
oxygen in the 2- valence state. However, Ti** centers in titanium dioxide can be caused by
introduction of oxygen vacancies (Vo), hydrogenation of the Ti atoms, or by reduction of

the Ti atoms, a schematic of which can be seen in Figure 1.7.
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Figure 1.7 Schematic of TiO, with Ti** and Ti** Centers

Both Ti* centers and oxygen vacancies play an important role in the BGE. This is due to
oxygen vacancies forming a donor level above the valence band and Ti%* centers forming

an acceptor level below the conduction band, Figure 1.8.
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Figure 1.8 Ti®* Centers and Oxygen Vacancies Effect on the BGE

The density of the Ti* centers and oxygen vacancies contribute to the net effect of the
change in the band gap energy, as the densities approach the maximum the BGE

approaches the energy difference between Ti** and V.

1.4.3 Anatase vs. Rutile

Industrially produced anatase nanoparticles are 25 nm in diameter while rutile
nanoparticles average 200 nm in diameter. Particle size and charge carrier mobility within
the bulk are important in determining efficiency losses due to bulk recombination. It has

been shown that charge carriers excited nanometers deep in the bulk are able to reach the
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surface to effect surface reaction, with maximum thickness of 2.5 nm and 5 nm for rutile

and anatase films respectively.!’
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Figure 1.9 Exciton distance for a) anatase and b) rutile
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Therefore, despite the larger BGE, anatase has a higher exciton mobility and is
more photoactive than rutile. Due to its higher photoactivity we focus our studies on the
anatase phase. We also aim to decrease particle size, dp 10 nm, via low pressure flame
synthesis such that the quantum efficiency of the excitons increases since a majority of the

bulk excitons are lost in commercial anatase, dp 25 nm.
1.4.4 Crystallite Size and the Quantum Confinement Effect

Decreasing particle size has the benefit of enhancing the photocatalytic activity due
to the increasing ratio of surface to total atoms. The atoms on the surface provide locations
for the surface redox reactions to occur indicating that the higher the ratio of surface atoms

the higher the quantum efficiency of the photocatalyst. Decreasing the crystallite size also
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causes various changes in the nanoparticle physical properties including an increase in
surface area, an increase in internal pressure, and below the quantum confinement effect
an increase in band gap energy. It has been noted that particles with a diameter of less than
10 nm fall below the quantum confinement effect.®® As the particle size decreases so does
the number of energy orbitals and therefore yielding a decrease in the confining dimension
of the discrete energy orbitals. Due to this the fewer the number of TiO> molecules, the
fewer the overlapping HOMO and LUMO orbitals forming the valence band and
conduction band, respectively. Due to this, the band gap of a bulk material will widen until
it reaches the energy difference between the HOMO and LUMO orbitals of an individual

molecule, Figure 1.10.
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Figure 1.10 Schematic of Quantum Confinement Effect on TiO>

This increase in band gap is undesirable since this leads to the photocatalyst using
less of the available solar radiation. It is desirable to shrink the particle size to increase
surface area for reaction and to increase quantum yield of the photo generated excitons, but

a balance between particle size and band gap energy must be met. It is believed that
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synthesizing particles with a crystallite size of 10 to 12 nm will exceed the quantum
confinement limit yielding an acceptable BGE while also having a smaller particle size and
therefore increased surface area and quantum efficiency when compared with conventional

anatase.
1.5 Solar Spectrum

Of the solar irradiation that reaches earth’s surface only 4% is ultraviolet light (UV),
whereas 43% of the solar irradiation is visible light. Finding a photocatalysts that can
efficiently use UV light and potentially harness some visible light would promote the
viability of photocatalytic reactions. Figure 7 illustrates the intensity of the solar irradiation
that reaches earth with respect to the wavelength of light.® The peak of spectral irradiance

is near 500 nm.
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Figure 1.11 Solar Irradiation a) spectral irradiance vs wavelength, and b) spectral
irradiance vs photon energy*®

The visible region (400 nm to 700 nm) is shown via the overlay of colors that
correspond to each wavelength. Figure 1.11 depicts the spectral irradiance versus the

photon energy.'® Though compared to visible light photons UV light photons have much
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higher energy, 3.1 eV to 6.2 eV, they are much less abundant than photons from visible
light, compromising of only 4% as opposed to the 43% of the solar spectrum which is

visible.

It can be noted that a large percentage of energy derived from solar irradiation is
unusable for unaltered TiO2 due to the large BGE. Figure 1.11 aids in visualizing that the
electrons in a semiconductor with a band gap less than 3.0 eV would be excited by a portion
of the photons derived from visible light as well as photons from UV light. Due to the
addition of excitable photons by decreasing the necessary energy, it is expected that
increasing the photocatalytic efficiency will aid in photocatalysis Modifications will be
done via High Pressure High Temperature Annealing, Low Pressure Flame Synthesis

carbon doping, and supporting metals, specifically nickel, on anatase TiOa.
1.5  Objectives

e Elucidating structural and compositional polymorph changes of multi-phase
semiconductors in situ and ex situ using a quick and quantitative manner.
Derivative peak fitting of diffuse-reflectance UV-visible spectra (DPR) is presented
as an inexpensive, fast and quantitative method to estimate both the composition of
a multi-phase semiconductor sample as well as the band gap energies of each
component semiconductor in the mixture.

e Generating stable Ti** defects for the precious metal free generation of hydrogen
gas from photocatalytic methane steam reforming (MSR) via High Temperature

High Pressure annealing (HPHT) of anatase TiO>
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Increasing photocatalytic hydrogen production under UV and broad spectrum
illumination while decreasing coke formation at low steam to carbon ratios via
combining a nickel metal cocatalyst and HPHT anatase TiO».

Synthesis and analysis of high surface area, carbon doped, low pressure flame
synthesized anatase TiO. via low pressure flame synthesis with a premixed flat
flame for increased efficiency in photocatalytic applications, namely water

reduction.
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Chapter 2: Preparation and Analysis Techniques
2.1 Calcination Procedure

The pre-cleaned quartz boats were filled two thirds full with titania powder (Acros
Organics). One to two boats were loaded into an inch outer diameter quartz tube with a
thickness and a length of 1/8 inch and 31 inches, respectively. The loaded quartz tube was
slid through the furnace opening and supported on each end by ceramic supports. The ends
of the tube were fitted with UltraTorr® fittings. The upstream side of the tube was
connected to the air cylinder, while the downstream side was connected to an air lock. The
air purged the quartz tube at 100 ml/min while the furnace heated to 773 K at a ramp rate
of 2 K per minute. The furnace temperature was maintained at 773 K for 3 hours. After 3
hours, the furnace cooled to room temperature at a ramp rate of 10 K per minute under
constant air flow. The calcined titania sample was transferred to a glass vial and stored in

a desiccator.
2.2 Pore Volume Measurement

The calcined anatase TiO2 was used as a semiconductor support for various metals.
All metal supported samples were synthesized via incipient wetness impregnation (IW1).
Before beginning IWI, the pore volume of the support relative to the solvent in which the
metal salt is dissolved (Water or Toluene) had to be determined. In order to check the pore
volume 1.0 gram of support was massed, a capped vial of solvent was weighed and tared.
The desired solvent was added drop wise to the support while the support was constantly
stirred with a spatula. This process continued until the incipient wetness point was reached.
The incipient wetness point can be identified visually when the support began to glisten,

but before the support was completely wet. The difference in weight of the solvent vial
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before and after IWI gave the mass of solvent to attain the incipient wetness point of the
support. The mass of solvent used was converted to volume using the solvent’s density.
This volume was then divided by the sample mass to attain the pore volume. This process
was repeated until an average value of the pore volume, with an acceptable relative

standard deviation, RSD < 5.0%, was measured.
2.3 Incipient Wetness Impregnation

All metal supported on TiO2 were synthesized with calcined TiO,. The TiO2 was
calcined in a tube furnace at 773 K. Incipient Wetness Impregnation (IWI) is a method
used to modify the Tio2via supporting metals on the tio2nanoparticles. During IWI, a desired
mass of calcined Ttio2support was measured out. The mass of solvent needed was
determined via the calculated pore volume of the support. A vial of the required mass of
solvent was prepared. The mass of metal salt needed to achieve the desired loading weight
percent was determined via the weight percent of the metal in the salt and the mass of
support. The desired amount of the metal salt was added to the solvent vial. Once the metal
salt had completely dissolved, the solution was added to the support drop wise under
constant stirring until the incipient wetness point was reached. The sample was dried in the
oven 24 hours at 883 K. After 24 hours, the sample was removed from the oven and scraped
into a mortar for grinding. The sample was lightly ground with a mortar and pestle until it
appeared homogeneous. The ground sample was stored in a vial in the desiccator until

calcination.

2.4 Reduction and Passivation



20

Prior to conducting the methanol conversion reaction, each calcined metal-
modified TiO> sample was reduced in situ. Each sample was reduced under separate

conditions pertaining to the oxophilicity of the supported metal (Table 2.1).

Table 2.1 Reduction Conditions for Various Supported Metals
Metal Temperature ~ Time  PercentH> Ramp Rate Total Flow Rate

(K) (hours) in N2 (%) (K min?) (ml min?)
Cu | 473 2 10 2 50
Ag | 473 2 10 2 50
Ni | 773 5 5 2 50

Copper modified TiO2 samples were reduced at 473 K for 2 hours at a ramp rate of
2 K per minute under 50 ml/min of 10% H. in N2 ?°. Silver modified TiO, was reduced at
473 K for 2 hours at a ramp rate of 2 K per minute under 50 ml/min of 10% H> in No.
Platinum and Palladium modified TiO, samples were reduced at 573 K for 5 hours at a
ramp rate of 2 K per minute under 50 ml/min of 5% H. in N 2%, Nickel modified TiO-
samples were reduced at 773 K for 5 hours at a ramp rate of 2 K per minute under 50
ml/min of 5% H, in N2 2. After reduction, each metal modified catalyst was passivated in

situ under 50 ml/min of 2% O in N 2.

Supporting metal nanoparticles on TiO> creates a synergistic effect which helps to
both raise the effective position of the valence band, decrease the effective band gap, and
aids in maintaining electron electron-hole charge separation. Absorbance and band gap
measurements of each of the metal modified catalysts were taken both ex situ (post

calcination or post HPHT), and in situ (post reduction and passivation).

2.5 UV-Visible Spectroscopy
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The ex situ micro sample cup (fill volume of 0.022 ml) was weighed and tared. The
plastic filling funnel was placed on top of the micro sample cup, and a small amount of
catalyst sample was placed in to the funnel. The funnel was held in place while gently
tapping the micro sample cup against the lab bench in order to lightly pack the sample. The
funnel was then removed from the micro sample cup and the sample was smoothed by
scraping off the excess sample and pressing down with the spatula end of the flattening
tool. The process was repeated until the sample was smooth and flush to the micro sample
cup edge. The excess powder was wiped from the sides and base of the sample cup with a
Kimwipe'. The sample cup was weighed and the mass of the sample was recorded. The
bulk density of the catalyst is obtained by dividing the mass of the sample in the micro

sample cup by the fill volume.
2.5.1 Diffuse Reflectance

Both Specular and Diffuse reflectance measure the light reflected from a sample,
as opposed to transmitted light, as seen in Figure 2.2. Diffuse reflection is used when the
surface consists of small particles that scatter light diffusely, such that the mirror-type

reflection seen in specular reflectance does not exist.?
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Sample

Sa mﬁle Platform

Figure 2.1 Diffuse Reflectance UV-Visible Spectroscopy Schematic

Diffuse reflectance of a sample can be measured either ex situ with the micro
sample cup, or in situ in the HVC-Diffuse Reflectance Reactor. Both in situ and ex situ
methods use the sample platform in the Praying Mantis Diffuse Reflectance Accessory

(Harrick Scientific) in the Evolution 300 UV-Visible Spectrophotometer.
2.5.2 Kubelka Munk Units

For diffuse reflectance, Kubelka Munk Units (KMU) are analogous to absorbance.
The KMU equation, F(R), was calculated by converting percent reflectance spectra
obtained from the UV-Visible Spectrophotometer to absolute reflectance, R.. The absolute
reflectance is calculated by dividing the percent reflectance of the sample by the percent

reflectance of an absolute reference, the Spectralon® disk.

%RSample

0 o ————————————
%RSpectralon

The Spectralon® disk is an absolute reference for diffuse reflectance and therefore

has a diffuse reflectance of unity, thus converting percent reflectance of a sample to
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absolute diffuse reflectance. The absolute reflectance is then used to calculate the KMU

function, F(R).

(1 — Ry)?

F(R) =—5¢

The KMU function is the square of the difference between unity and the absolute
reflectance divided by the quantity two times the absolute reflectance. It is a function of
absolute reflectance, and therefore the wavelength of irradiated light. Since various factors-
including absorbance, particle size, bulk density of the particles, and smoothness of
surface- affect the magnitude of F(R), the normalized KMU is the plotted when comparing
different samples. Normalized KMU is obtained by dividing F(R) by the maximum value

of F(R).
2.6 Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR) is a technique that measures the Zeeman
effect: the interaction between an unpaired electron in the sample and the induced magnetic
field, Bo.2® Quantitative Continuous Wave (CW) EPR measurements allows for accurate
spin counting leading to quantification of measured states. The work presented in this thesis

used CuSOs as a spin standard for CW EPR.

A single unpaired electron has only two allowed states, the lower energy state (Ms
= -1/2) where the electron magnetic moment, u, is aligned with the magnetic field, Bo
(parallel), and the higher energy state (Ms= +1/2) where the electron magnetic moment, x,
is aligned against the magnetic field, Bo (antiparallel). The difference in energies of these

two states, AE, is defined by

AE = g ug Bo Ams = g ug By
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Where ug, is the Bohr magneton (natural unit of electron’s magnetic moment), g is
the g-factor. The g-factor is independent of the microwave frequency is used to identify
signals.? Thus, the energy difference is linearly dependent on the magnetic field such that
when no magnetic field is applied the electron is only in the low energy state. A constant
microwave frequency while varying the magnetic field was used to obtain CW spectra. The
concentration of unpaired electrons in the sample in a specific environment is proportional

to the integrated intensity of the EPR signal.

It is important to keep as many parameters the same between experiments due to
the susceptibility of the signal intensity to change when varying parameters. The signal
intensity is proportional to the square root of the microwave power (at low power levels
used in this work). EPR spectra were recorded on a Bruker ESP300 equipped with an

Oxford helium cryostat model 900 under the direction of Dr. Alexei Tyryshkin in the

laboratory of Prof. G. Charles Dismukes, Figure 2.2.

Figure 2.2 Electron Paramagnetic Resonance Spectrometer Setup
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The moments are randomly distributed between parallel and antiparallel states with
a slightly higher concentration in the parallel (lower energy) state, thus following Boltzman

Statistics:

Nanti —(4E
antiparallel —e (kT)

nparallel

On average the difference of population between the parallel and antiparallel state
is 0.08%, under the same field strength the difference in population in Nuclear Magnetic
Resonance (NMR) is roughly 600 times smaller. Due to this increase in difference of
populated states EPR measurements can be obtained at lower spin concentrations than

NMR.

Applying a magnetic field disrupts this population balance and therefore the
electrons are no longer in thermal equilibrium due to the absorption of the microwave
energy which heats up the spin system. When the system returns to thermal equilibrium
via interaction with its surroundings spin-lattice relaxation occurs. Temperature of the
sample bed is controlled in order to prevent large spin lattice relaxation in the samples. A
helium cryostat was used to maintain the temperature between 12 K and 100 K depending

on the element being studied.
2.6.1 Metal Supported: Hyperfine

The hyperfine interaction, the interaction between the electron and the nuclei
(which has a magnetic moment) can be used to characterize the samples, such as the Cu?*
hyperfine. The EPR absorption signal for an electron interacting with a nucleus of spin %2
splits into two signals, each By away from the original signal, where B is the magnetic field

at the electron. The spacing between the two hyperfine signals, 2B is dubbed the hyperfine
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splitting constant, a4. The number of hyperfine lines is equal to 2nl +1 where 1 is the
nuclear spin and n is the number of symmetry equivalent nuclei. Copper has two abundant
isotopes, 3Cu and %°Cu.?* Both isotopes have a nuclear spin of 3/2, therefore coupling to 1
cu ion gives four hyperfine lines. Though %Cu has a magnetic moment of p=2.2233
(69.17%) and %°Cu (30.83%) has a magnetic moment of p=2.3817 (Winter, 2017) thus the

hyperfine lines of 3Cu will appear larger and at a lower field energy than those of ®>Cu.
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Chapter 3: Unraveling the Phase Composition of Metal Oxide, Degussa P25 TiO:2 via
Derivative Peak Fitting of Differential Diffuse Reflectance

3.1 Introduction

Titanium Dioxide (TiO), a metal oxide semiconductor, is of particular interest in
catalysis as a support for metal nanoparticles due to its abundance, stability under reaction
conditions, high surface area and band positions that are well-matched with the redox
potential of hydrogen evolution making it an interesting catalyst for water splitting and
methane conversion.?>?” As mentioned in section 1.4, the two most common polymorphs
of TiO, anatase and rutile have cited electronic band gap energies (BGE) of 3.20 eV and
3.03 eV respectively,?® indicating that they absorb primarily ultraviolet light. Anatase and
rutile have been studied for photocatalytic activity both individually and as mixed-phase
formulations.?62%3! Degussa P25 TiO; is a widely-used mixed-phase TiO; catalyst 25-2632-
3 with a marketed anatase to rutile weight ratio of 80/20.% The actual ratio of anatase and
rutile, as well as the presence of amorphous TiO: is variable between batches of the
material.*®3® Many studies have shown that mixed-phase TiO. exhibits increased
photocatalytic properties due to the synergistic effect between anatase and rutile, as
mentioned in Chapter 1.252%4%-41 The increased absorbance in the ultraviolet region of the
spectrum for the mixed polymorph structure is attributed to the synergistic effect between
the anatase and rutile band edges. P25 and mixed phase TiO2 have been extensively studied
via many techniques including X-ray powder diffraction (XRD),%°4-42 Raman
spectroscopy,*>“® electron paramagnetic resonance,?%4¢ X-ray photoelectron spectroscopy
(XPS),*” and molecular dynamics simulations.3%#¢ Of these, XRD and Raman are able to

quantify the polymorph composition of a sample, with XRD being a standard method for
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quantification; both techniques usually require costly instrumentation and specialized
training to obtain this information. Due to the scale at which semiconductor nanoparticles
are utilized in research and in industry, the ability to analyze and quantify polymorph
compositions quickly and thoroughly is important to catalyst manufacturers and users

alike.*

UV-Visible spectroscopy is an inexpensive, quick, and readily available technique
requiring minimal training. As the optical band gap of TiO> and many other
semiconductors lies in the ultraviolet and visible light range, UV-visible spectroscopy has
been used for decades to characterize BGEs. Since the first publication by Tauc,
Grigorovici and Vancu® in 1966 and further development of the method by Davis and
Mott>! in 1970, the Tauc method has become the field-standard to analyze the optical
absorbance of semiconductors using diffuse reflectance UV-Visible spectroscopy. The
versatility of the Tauc method is demonstrated in its ability to calculate the energy profile
for both the allowed direct transition (Tauc?) and the allowed indirect transition (Tauc”).
The Tauc plot is an s-shaped curve where the BGE is determined by the x-intercept of the
line tangent to the inflection point. In a more accurate approach, the inflection point should
be found by taking the first and second derivatives of the curve and defining the x-intercept
of the second derivative as the tangent point while using the first derivative value at the
tangent point as the tangent slope. Extrapolation of the line tangent to the inflection point
allows for the calculation of the BGE. A simpler method is often used at the expense of
accuracy, wherein a tangent line is semi-arbitrarily drawn in the linear region of the Tauc
curve. This approach can lead to large variations in the calculated BGE.>? When using this

method, one must justify the linear region, and depending on the shape and magnitude of
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the low-energy tail this justification can change between both samples and analysts.>®
Recently, methods to determine the BGE, specifically the Tauc method, have received
scrutiny due to the precision and variability in which the inflection point is chosen and
therefore the variability of the determined BGE.>?° Many papers concerning the optical
and photocatalytic properties of TiO> utilize the Tauc plot, though few justify the position

of the tangent line.

A further limitation of the Tauc method is that it assumed that the sample under
analysis possesses a single band gap. Due to the method of analysis, applying the Tauc
method to calculate BGE for mixed-phase semiconductors could lead to erroneous results,
especially if the BGE of the multiple phases are close together. This can be seen in the
determination of one BGE for P25 whereas it truly has multiple BGE values, one for each
phase. To address this issue an alternate method is necessary that can simultaneously
measure the BGE values for the different phases or polymorphs present in mixed-phase

semiconductors, such as P25.

Differential diffuse-reflectance UV-visible spectroscopy — taking first (or higher
order) derivatives of the diffuse reflectance spectra or Kubelka-Munk units — has been used
previously to identify the polymorphs present in mixed-phase TiO2 samples.>>8 The BGE
of anatase has been determined from the local maxima of the first derivative of diffuse
reflectance spectra,® with favorable comparison to Tauc method results. While differential
spectroscopy has been used in analytical chemistry for quantitative analysis in transmission
spectroscopy of solutions,*®! the authors were unable to find prior work showing that
differential spectroscopy can quantify the amounts of different solid components in a

mixture by diffuse-reflectance spectroscopy.
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The present work establishes that peak-fitting of differential diffuse-reflectance
UV-visible spectra (DPR) can be used to quantitatively measure the crystalline
composition of mixed-phase TiO.. With a single measurement, both the mass fraction and
BGE of each polymorph present can be determined. Using this technique, the phase
behavior of P25 subjected to different common pretreatment methods is described. As-
received P25 samples were subjected to grinding, sieving, and calcination treatment, and a
combination of these operations. The phase composition and BGE were measured via DPR,
XRD, and Raman. Grinding and sieving samples prior to calcination played an important
role in the onset temperature for rutilization. The onset temperature for rutilization of as-
received P25 was just above 823 K. Grinding and sieving (between 45 pm and 53 pum)
lowered the onset temperature of rutilization to 673 K, while dramatically reducing the
overall amount of rutilization taking place at 973 K. This reveals that properties of P25
vary significantly with different pretreatment conditions, and indicates that care should be
taken to distinguish between materials derived by pretreatment and modification of P25
and the parent material itself. The quantitative success of the DPR method in this study

may lead to application in other systems of mixed semiconductors.
3.2 Experimental Methods
3.2.1 Sample Preparation

Anatase TiO2 (98+%) and rutile TiO2 (>95% rutile) were obtained from Acros
Organics. Degussa P25 TiO> (Lot: 613020598) was obtained from Evonik and subjected
to grinding, sieving, calcination, or a combination of these pretreatment techniques. Table
3.1 summarizes the combinations of pretreatment operations performed on each sample.

Grinding was performed using an agate mortar and pestle, applying approximately 200 kPa
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of pressure during grinding for 5 minutes. Metal wire sieving trays with mesh sizes of 45
um and 53 um were used to sieve samples into agglomerate particle sizes with diameters

between 45 um and 53 um (S50).

Table 3.1 Naming convention, pretreatment conditions, and order of operations for P25
samples.

Sample ID Ground Sieved Calcined Order of Operations
P25 (as-received)
C300 573K Calcined
C500 773K

C700 973 K

G-P25 yes Ground
G-C300 yes 573K Ground, Calcined
G-C500 yes 773 K

G-C700 yes 973 K

S50 45 pm <dp<53 pm Sieved
S50-C500 45 um <dp<53 um 773 K Sieved, Calcined
G-S50 yes 45 pm <dp<53 um Ground, Sieved

G-S50-C500 yes 45 um <dp<53 um 773 K  Ground, Sieved, Calcined

Calcination was performed in a Thermo Scientific Lindberg Blue tube furnace
equipped with multi-step ramp-soak program functionality. Sample powders were loaded
into quartz boats and placed inside a 2.54 cm OD quartz tube 79 cm long. The ends of the
tube were fitted with UltraTorr® fittings to connect the upstream side to an air cylinder and
the downstream side to a purge line. Air was flowed through the tube at 100 ml min with
a ramp rate of 2 K min followed by a 3 hour hold at the desired calcination temperature.
The furnace was then cooled to room temperature at a ramp rate of 10 K min™* under

constant air flow.
3.2.2 X-Ray Powder Diffraction

X-ray powder diffraction patterns were collected using a PANalytical Philips

X’Pert X-ray diffractometer, and analyzed to determine crystallinity and phase
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composition. The XRD measurements were carried using a Cu Ka source at 40 kV and 40
mA and angular incidence 26 between 20° and 80° with a 0.05° step and 3.0s/step for a
scan speed of 0.0167 °/s. Composition of samples was analyzed using a whole pattern
fitting with Pearson-VII profile shape function using PDF# 01-073-1764 and PDF# 01-
078-1510 for anatase and rutile, respectively. XRD patterns were background subtracted
with a medium cubic spline with a Kai/az ratio of 3.3. Relative phase composition and
corresponding error were determined via a whole pattern fitting (WPF) and Rietveld
refinement where the refinement was halted to a %R below 15%. Percent error in relative
composition was determined during the WPF refinement using peak width as a measure of
precision as well as the number of peaks participation in the error equation. This error was
then scaled during the refinement by the overall relative composition of the specific phase
in the sample. Apparent crystallite size was determined during WPF refinement while

removing instrumental contribution.
3.2.3 Raman Spectroscopy

A Horiba Scientific LabSpec HR Raman spectrometer was used to collect all
Raman spectra. The instrument was equipped with a 532 nm solid state laser source and a
10x objective was used for focusing the incident beam. For each spectrum, 3 accumulations
were used with the acquisition time between one and ten seconds depending on sample.
All the Raman spectra were taken at room temperature and the laser power onto the sample

did not exceed 5mW to avoid overheating.
3.2.4 UV-Visible Spectroscopy

Diffuse-reflectance UV-visible spectroscopy was carried out in a Thermo Scientific

Evolution 3000 spectrophotometer equipped with a Harrick Scientific Praying Mantis
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diffuse reflectance accessory. The spectra were collected between 300 nm to 600 nm in
intervals of 0.5 nm. Ex situ diffuse reflectance spectra were collected by loosely filling a
micro sample cup (0.022 ml), with excess powder scraped off to ensure a full sample cup
with a flat surface. The bulk density of each sample was determined by dividing the mass
of the sample in the micro sample cup by the fill volume. A Spectralon® disk was used as

the absolute reflectance standard.

Diffuse-reflectance spectra of samples at elevated temperatures while exposed to
different atmospheres (i.e. in situ conditions) were acquired using a Harrick High
Temperature Reaction Chamber equipped with three quartz windows, temperature control

via electrical heating cartridge and K-type thermocouple, and high-pressure dome.
3.2.5 Derivative Peak Fitting of Diffuse Reflectance Spectra

The first derivatives of the absolute reflectance were calculated by taking the
instantaneous slope of the reflectance with respect to wavelength at each data point in the

original spectrum.

dRes _ Reoj=Rooyy O
ar Ai=Aiy1

The deconvolution and peak fitting of spectra was carried out using Fityk
software.5? The peaks in the derivative spectra were fit to Gaussian functions, with one
Gaussian per phase present by minimizing the weighted sum of the square residuals using
the Levenberg-Marquardt method. In all samples, no more than two phases were present.
Additional functions added to the fitting did not improve the quality of the fit and were
therefore not considered. Mathematically, a Gaussian function, g(x), is an exponential

function given by equation (2), where a, b, and c are constants.
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g(x) = ae~CM/ED @

Absolute reflectance measures the excitation of electrons from the ground state
(valence band and fermi level) to the exited state (conduction band). Integrating the
derivative of the absolute reflectance yields the population of electrons excited by all
photons with energy less than the limits of the integral. The concentration of electrons in
the conduction band, nc, is proportional to the exponential of the difference between the
fermi level, Er, and the conduction band energy, Ec, as shown in equation (3),%® where Nc

is the total density of the electrons in extended states, and keT is thermal energy.
Ne = Nce(EF_Ec)/kBT (3)

As the mathematical form of equation (3) resembles a Gaussian function, Gaussian
functions were chosen to fit the peaks in the deconvolution of the derivative of the
reflectance spectra of anatase and rutile semiconductors. The BGE of each phase present
was determined from the peak center position of the Gaussian function, which

corresponded to the inflection point of the optical reflectance spectrum.

The absolute response factors (ARF) for anatase and rutile for diffuse reflectance
were not known a priori, and a relative response factor (RRF) for diffuse reflectance
between the two phases was obtained via linear regression of samples of known mass
fraction. Assuming that anatase and rutile each possess a unique absolute response factor
corresponding to a specific peak area (PAi) per mole of TiO> (ARFi,= PAi/mole;), the mass
fraction in the mixture of the two phases can be obtained by (4), were A = anatase, R =
rutile, and RRF = ARFr/ARFa. The equation simplifies as the molecular weights of anatase

and rutile TiO> are the same.
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PAp
Wt%anatase __ molep-MW 4 _ ARF 5 _ PAA‘RRF (4)
100 moley MW +moleg-MWR ~ £AA | PAR ™ pp,.RRF+PAR
ARFp ' ARFR

The value of RRF was determined from peak area measurements for a series of
anatase/rutile mixtures of known composition. Using linear regression, a value of RRF =
1.34 was found to minimize the residuals between the calculated and known mass fractions
of anatase in the mixtures. That RRF > 1 indicates that the response factor for rutile is

stronger than that for anatase.
3.3 Results and Discussion
3.3.1 Limitations of the Tauc Method

The UV-Visible diffuse-reflectance spectra of commercially obtained samples of
anatase and rutile powders were collected and compared to the spectrum of P25. These
are plotted using the Tauc method in Figure 3.1. The indirect BGE values were obtained
by (5), where F(Rx) is the Kubelka-Munk function and E(1) is the photon energy at the

specific wavelength.

Tauc'/? = \[F(Ry) - E(Y) (5)

The apparent band gap energies of the three samples were obtained by calculating
the location of the inflection point and the slope of the tangent line using the first (6) and

second derivatives (7) of the Tauc function.

d(Tauc'/?) JF(R”i)' E(Ai)_\/F(Rwi+1)'E(/1i+1)
aa B Ai=Aiv1 (6)

<d(Tauc1/2)> <d(Taucl/2)>
a?(Tauc/?) az ; dz i
daz - Ai=Aigq

(7)
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The resulting BGEs for pure anatase and rutile, 3.22 eV and 2.98 eV respectively,
were in good agreement with literature values of 3.20 eV and 3.03 eV, as discussed in

chapter 1.2

This method predicts a single BGE of 3.27 eV for P25, despite the fact that P25
is a mixed-phase material and therefore is expected to possess two BGEs — one for each
phase. The application of the Tauc method to a multi-phase spectrum results in a tangent
line intersects the curve formed by the data twice — once at the tangent point and again at
4.04 eV, which is inconsistent with a semiconductor band-edge electronic excitation
model. Despite these limitations, single-valued BGEs for P25 have been reported

previously, often with the caveats listed above, such as a value of 3.15 eV.?8

—— Rutile
—— Anatase
—— P25

Tauc* (a.u.)

BGE,: 3.22 eV
BGE_:2.98 eV
BGE,,.: 3.27 eV

25 3.0 35 40 45
Energy (eV)

Figure 3.1 Tauc” plot of standard materials; anatase (blue), rutile (green), P25 (black).
Lines tangent to inflection point are shown, and apparent BGE values from x-intercepts
are given; BGEAa for anatase, BGERr for rutile, BGEp2s for P25.
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3.3.2 Anatase and Rutile Mixture Phase Calibration

In order to quantify the composition of mixed-phase TiO> samples, a calibration
was made using physical mixtures of anatase and rutile. The samples prepared were 100
wit% anatase, 82 wt% anatase, 75 wt% anatase, 67 wt% anatase, 50 wt% anatase, and 25
wt% anatase, with the balance being rutile in all cases. The final sample tested was rutile,
sold as >95% purity. XRD powder diffraction patterns were obtained for these physical
mixtures and used to verify the anatase and rutile weight fractions for the prepared
samples. XRD revealed that the rutile sample contained an anatase-phase impurity of
3.0%. The XRD compositional analysis shows very good quantitative agreement with the

nominal compositions, Table 3.2.

Table 3.2 Weight-percent anatase in prepared mixtures of pure anatase and rutile powder
as determined by XRD and UV-Vis DPR

Nominal Anatase wt% XRD wt%? UV-Vis DPR wt%
100P 100 100
82 81.9 (5.5) 82.0
75 75.4 (5.1) 74.9
67 67.1(4.3) 66.5
50 49.9 (4.2) 49.0
25 25.6 (2.3) 28.2
0° 3.0 (0.6) 47

@ Values in parentheses are estimated standard deviation between the peak profile and the
refined peak profile function.

b Pure anatase powder showed no peaks for any other phases in either method

¢ Rutile powder showed peaks for the presence of an anatase impurity by both methods

The composition of these physical mixtures was measured using UV-Visible
spectroscopy by plotting the derivatives of the diffuse-reflectance spectra with respect to
wavelength and fitting the resulting peaks to Gaussian functions. The results of this DPR
analysis are shown in Figure 3.2. All the prepared mixtures where fitted with two

Gaussian functions, one each for anatase and rutile. There was no evidence for trace rutile
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in the pure anatase powder, so only one Gaussian was used. As with XRD, DPR revealed
that the rutile powder contained an anatase impurity, and so two Gaussian functions were
used. The peak center position of each Gaussian function corresponds to the BGE of that
phase. The measured BGE values via DPR and their respective standard error can be
found in Table 3.Al. The BGE of anatase was 3.31+0.01 eV for the pure material and
3.34-3.37£0.01 eV for the physical mixtures. The BGE of rutile was measured as
3.03£0.01 eV in the parent sample, and was 3.04-3.08+0.01 eV in the mixtures. The BGE
of the rutile phase increased slightly with increasing anatase content, while there was no
significant effect on the BGE of anatase. The change in the rutile BGE is likely due to
fermi level band-bending from synergistic effects between the bands in anatase and rutile
particles.*®® Band bending occurs when there is a junction of two different
semiconductors (or a semiconductor and a metal), the difference in band energies along
the junction causes the bands to bend and meet. The increase in rutile BGE with
increasing anatase content suggests that the conduction band of rutile bends up towards
the anatase conduction band while the rutile valence band bends down toward the anatase
valence band. The conduction band of rutile is more positive than that of anatase, allowing

for a slight band bending in anatase-rutile mixtures.®>5®

The mass fraction of anatase in each sample was calculated from the peak areas
of the Gaussian functions using equation 2. These values are compared to the values
obtained from XRD in Table 3.2. The agreement shows that the value of 1.34 obtained
for the relative response factor of rutile to anatase is reasonable and gives a good linear

fit to the data.
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While Raman spectroscopy successfully produced reliable and accurate estimates
of composition in P25 and pretreated derivatives thereof, as discussed in section 3.4,
Raman analysis of the physical mixtures of commercial anatase and rutile used in Table
3.2 resulted in highly variable weight percent anatase measurements. This was likely due
to the use of a Raman microscope with a narrow focal spot (relative to other techniques)
—such that the measurements of composition varied if the spot was moved within a given
sample. It is possible that agglomerates of rutile particles, being larger in size than those
of anatase particles, were not uniformly distributed spatially within the narrow focal spot
of the Raman microscope, while the larger sampling area of the XRD and DPR techniques

were insensitive to this spatial variation.
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Figure 3.2 DPR analysis of anatase/rutile physical mixtures; a) anatase, b) rutile, c) 82
wt% anatase, d) 75 wt% anatase, e) 67 wit% anatase, f) 50 wt% anatase, g) 25 wt%
anatase. Balance is rutile in ¢)-g). Peak fitting of anatase (blue curve), rutile (green curve),
and sum (red curve) shown superimposed over the experimental data (black points). BGE
values of each polymorph measured by position of peak maxima are given: BGEa for
anatase, BGEr for rutile.
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3.3.3 DPR Analysis of P25

Having established that DPR is able to quantitatively measure the composition of
mixed-phase TiO2 samples, the technique was applied to the diffuse-reflectance spectrum
of P25. The peak fitting is shown in Figure 3.2a). While the Tauc method measured only
a single BGE for P25, DPR identified two phases with BGE of 3.33 eV for anatase and
3.12 eV for rutile. The deviation in BGE from the pure-phase materials (3.31 eV for
anatase and 3.02 eV for rutile) arises from band bending due to synergistic interaction
between the bands of the two phases — this same effect was seen to a lesser extent with
the physical mixtures and is more intense with P25.%4 The composition of P25 as
calculated by DPR was 86.1 wt% anatase and 13.9 wt% rutile. While P25 is marketed as
approximately 80 wt% anatase, XRD determined that anatase comprised 84.6 wt% of the
material — once again showing good agreement between the XRD and DPR values. The

XRD pattern for P25 is shown in Figure 3.4.

There have been several reports of the presence of amorphous TiO in as-received
P25 in variable amounts in some batches while being absent in others.®2° If present,
amorphous TiO2 in P25 would not be directly detectable by XRD, and neither UV-Vis
nor Raman analysis was able to detect the presence of such a phase in P25 or any sample
in the present study. These three techniques are relatively insensitive to amorphous

phases, and as such the amorphous composition is neglected in all following analysis.
3.3.4 Effect of Pretreatment Conditions on Rutilization of P25

It has been shown that when anatase TiO> is heated at ambient pressure, it will
convert to rutile.5-%° The temperature at which this process begins for pure TiO, has been

reported as low as 673 K,%"% and as high as 873 K.%"%8 Contaminants, raw materials used,
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and varying methods of processing can influence this temperature.” This phase
transformation may also depend on particle size, surface area, particle shape/aspect ratio,
gas atmosphere, volume of sample heat treated, nature of heat treatment container,
impurities, dopants, measurement techniques, as well as ramp rate and soak time for heat
treatment.’® Due to the influence of these multiple factors, all controllable factors were
kept constant (i.e. atmosphere, container, ramp and soak, measurement technique, and
P25 lot). Apparent crystallite size from XRD patterns (Table 3.Al) indicated a minimal
change in anatase particle size for all treatments of P25. Therefore the changes in particle
shape/aspect ratio of the P25 samples were investigated to aid in the explanation of the

change in anatase to rutile transformation for ground and sieved samples.

Several prior publications have reported on phase transformation of titanium
oxides upon mechanical treatment.”*"® Ball milling anatase transforms it into denser
rutile, where srilankite (TiO2-II: an orthorhombic, a-PbO, type modification, high
pressure phase) is an intermediate.”*"?> Additionally, shearing anatase’” and shearing
rutile along the (011) hcp plane’® can form the metastable srilankite phase. Milling has

also been shown to increase photocatalytic activity.”’

The effect of pretreatment conditions on rutilization of P25 was investigated by
subjecting as-received P25 samples to calcination, grinding, sieving, and combinations
of these operations. The resulting powders were analyzed by XRD, Raman, and DPR to
determine polymorph composition. The results are summarized in Table 3.3. The DPR
measurements of phase composition were in good agreement with the XRD values.
Typically, the agreement between the XRD and DPR values was within 8 wt% (ten

samples), and two samples showed deviations of approximately 11 wt%. The Raman
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analysis also showed good quantitative agreement with the XRD measurements, as the
particles of anatase and rutile were presumably more uniformly distributed within the
microscope focal spot in P25-derived samples. The largest error between Raman and
XRD estimates was 15 wt% (two samples). Out of the twelve samples analyzed, XRD,
DPR, and Raman close quantitative agreement with for eight of them, while G-C300 was
accurate with Raman but not DPR. Three samples (G-C700, S50, G-S50) gave poorer

quantitative agreement by both methods.

Table 3.3 Weight percent anatase in ground, sieved, and calcined P25 as determined by
XRD, Raman, and UV-Vis DPR.

Sample XRD*wt%  Ramanwt%  UV-Vis DPRP wt%
P25 84.6 (5.6) 85.2 86.1 (0.4)
C300 84.0 (5.6) 80.0 85.1 (0.9)
C500 82.7 (5.5) 84.7 84.8 (2.0)
C700 11.7 (1.1) 7.2 17.0 (1.3)
G-P25 84.2 (5.7) 88.9 80.4 (1.3)
G-C300 85.9 (0.7) 86.4 74.6 (2.3)
G-C500 84.6 (5.6) 85.8 81.1(2.7)
G-C700 73.3 (0.6) 58.7 66.1 (0.2)
S50 85.6 (5.7) 71.0 77.7 (1.0)
S50-C500 83.8 (5.6) 82.3 80.6 (1.2)
G-S50 85.7 (5.8) 76.0 74.2 (1.1)
G-S50-C500  71.6 (5.1) 77.4 74.5 (2.2)

& Values in parentheses are estimated standard deviation between the peak profile and the
refined peak profile function.
b Standard deviation for triplicate samples given in parentheses.

3.4.1 Calcination

The calcination temperature of P25 had a strong effect on composition. When
calcined at 573 K or 773 K (C300 and C500) the wt% anatase and rutile in the samples
were unchanged relative to the parent P25, within experimental error, by all three

analytical techniques. By contrast, calcination at 973 K converted a majority of the
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anatase in the sample into rutile, such that the anatase measured via XRD dropped from
84.6 Wt% in P25 to 11.7% wt% in C700, in good agreement with prior results.** The XRD
patterns are given in Figure 3.4. In as-received and lower-temperature calcination P25,
the (101) peak of anatase at 20 = 25.4° was the most intense, while the (110) peak of rutile
20 = 27.5° was small due to its low concentration in the samples. The XRD pattern for
C700 reversed this, with the rutile (110) peak becoming the dominant peak and the
anatase (101) peak becoming a minor speak. This dramatic change in composition over a
range of 200 K, with no change at 773 K and near-total composition change at 973 K,
points to the importance of understanding these phase-transitions in mixed-polymorph

TiO2 samples.

In addition to the composition analysis, XRD was used to characterize the
apparent crystallite sizes of the anatase and rutile crystallites in the samples using the full-
width at half-maximum of the diffraction pattern peaks. The results are shown in Table
3.1. Calcination showed little change in anatase crystallite size, from 20 nm as-received
and calcined at 573 K, and increasing to 23 nm and 26 nm when calcined at 773 K and
973 K respectively. Indeed, spherical particles of anatase would be expected to be stable
relative to other polymorphs up to diameters of 30 nm,’® so larger particles may not be
expected. The rutile crystallite sizes were more variable. The as-received and 573 K
calcination samples were once again indistinguishable at approximately 30 nm, but this
increased to 37 nm at 773 K and further to 51 nm at 973 K. Rutile is the more stable phase

at larger particle sizes.”

The DPR analysis and peak deconvolution of calcined P25 samples is shown in

Figure 3.3. As was seen with the physical mixtures, distinguishing between anatase and
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rutile phases was possible due to the Gaussian peak-fitting of the two polymorphs present
in the same sample. P25, C300, and C500 show nearly indistinguishable DPR patterns.
C700 shows a very different pattern, with a greatly reduced peak for anatase and with the

rutile peak now dominant.

Using DPR for composition analysis allows for the simultaneous measurement of
the BGE of each phase present in the mixed-phase samples from the same experimental
data. This analysis revealed that calcination played no role in the BGE values of each
phase present. The BGE of rutile remained within a small range of values between 3.12
and 3.13 eV upon calcination up to 773 K, and dipped slightly to 3.09 eV at 973 K. The

BGE of anatase remained unchanged (3.32-3.33 eV).
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Figure 3.3 DPR analysis of P25 calcined to various temperatures; a) as-received P25, and
calcined at b) 573 K (C300), ¢) 773 K (C500), d) 973 K (C700). Peak fitting of anatase
(blue curve), rutile (green curve), and sum (red curve) shown superimposed over the
experimental data (black points). BGE values of each polymorph measured by position
of peak maxima are given: BGEa for anatase, BGEr for rutile.

The Raman spectra (normalized with respect to the total area of each spectrum)
of the phonon modes of the TiO; lattices present in the as-received and calcined P25
samples are shown in Figure 3.5. As with XRD and DPR, distinguishing between the
anatase and rutile phases was facile with Raman. Quantifying the phase composition was
achieved using the peak height of the anatase band at 639 cm™ and the rutile band at
610cm™. Below 973 K, no significant changes in the spectra could be identified. The

spectra indicate that upon calcination at 973 K there was significant rutilization and the
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dominant polymorph was rutile. The peak height of the Eg band of anatase at 143 cm™

and the full-width at half maximum of the remaining peaks increased following

calcination, while there was no shift in the band positions, thus indicating a small increase

in crystallite size, in agreement with the apparent crystallite size from XRD.
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Figure 3.4 XRD patterns of P25 calcined to various temperatures; a) as-received P25,
and calcined at b) 573 K (C300), c¢) 773 K (C500), d) 973 K (C700). Peak assignments
for anatase phase (A) and rutile phase (R) are labelled on a).
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Figure 3.5. Raman spectra of P25 calcined 573 K (C300), 773 K (C500), 973 K (C700).
Phonon modes of rutile phase are labelled with an *. All other phonon modes are assigned

to anatase.
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3.4.2 Grinding and Sieving

Grinding and sieving are common practices when handling powdered metal
oxides to achieve uniform agglomerate particle sizes. Typically, they would not be
expected to affect the composition of the material. The effects of these pretreatment

conditions, together with calcination, are given in Table 3.3.

Grinding P25 (G-P25) did not have a significant effect on the phase distribution
of the sample as measured by XRD, Raman, and DPR. Sieved P25 particles belonging to
agglomerates between 45 um and 53 pm (S50) similarly showed little change in
composition by XRD. A combination of grinding and sieving (G-S50) also produced no

appreciable composition change by XRD.

Though shearing of anatase and rutile can produce the high pressure metastable
srilankite phase, no characteristic peaks for srilankite were seen in XRD, and no

additional BGE was seen in DPR.
3.4.3 Calcination after Grinding and Sieving

While grinding and sieving did not themselves affect the phase composition, these
pretreatment techniques influenced the behavior of the samples under calcination (Table
3.3). Calcining as-received P25 at 973 K led to the conversion of most of the anatase to
rutile. Grinding P25 prior to calcination (G-P25) led to a stabilization of the anatase phase
with respect to temperature. Calcination at 573 K and 773 K led to no change in
composition (G-C300, G-C500), as seen with as-received P25, but calcination at 973 K
only converted a small fraction of the anatase to rutile (G-C700). The reduction in anatase

wit% was only 13% in G-C700 compared to 73% in C700.
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Grinding and sieving (G-S50) did not affect the composition, but subsequent
calcination to 773 K (G-S50-C500) showed a reduced onset temperature for rutilization.
While as-received P25 showed no appreciable difference in composition upon calcination

to 773 K (C500), G-S50-C500 showed a reduction in anatase wt% of 11%.
3.4.4 Analysis of the Impact of Processing Conditions by XRD

The amount of pressure and shear from simple grinding with a mortar and pestle
were insufficient to induce phase change in the TiO,. However, it is conceivable that
grinding could cause changes in the exposed facets or shape of the crystallites in a
powder. This is feasible as the hardness of the mortar and pestle (agate quartz, Mohs
hardness = 7)’ exceeds that of the powder material (Mohs hardness = 6-6.5 for rutile,
5.5-6 for anatase).”® As anatase is softer than agate and even rutile, the greatest impact on
the crystallites from grinding P25 is expected to be on the anatase particles, and the
presence of rutile will increase this effect relative to grinding powders of pure anatase.
The effects on rutilization onset temperature and extent of rutilization upon grinding and
sieving were investigated by analysis of the (hkl) facets in the anatase crystallites

measured by XRD.

The XRD patterns of several samples normalized to the maximum intensity of the
anatase (101) peak at 20 = 25.4° shown in Figures 3.6. The intensities of anatase (hkl)
peaks relative to the anatase (101) peak are given in Figure 3.7 and 3.8. The relative size
of different exposed facets of anatase crystallites determines the particle shape. The Wulff
construction for anatase in vacuum suggests that a slightly truncated bipyramid with a
majority of (101) exposed facets to be most stable.®’ Other authors have reported changes

in (hlk) peak intensities relative to the anatase (101) peak as indicators for both changes
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in exposed facets and particle shapes in their samples, including increased (103) intensity
indicating hexadecahedra with exposed (103) and (101) facets,® increased (211) intensity
for anatase thin films with preferential (211) facet growth,®? and increased (105) intensity

in anatase single crystals bounded by (105) facets.®

Qualitatively, the XRD patterns (Figure 3.6) showed little variation between
samples (except for G-S50-C500, discussed separately below), which also corresponded
to the similar polymorph composition of these samples. Quantitative comparison of the
(hkl) peak intensities (Figure 3.7) revealed some variation between samples. Sieving by
itself did not have much of an effect on the observed XRD patterns, with a small increase
in the intensity of the (004) peak relative to as-received P25. Grinding showed a stronger
effect on the (004) peak, as well as a small increase in the (200) peak, a larger increase in
the (215) peak, and a reduction in the (105) peak. Grinding the clearly had a small but
detectable effect on the shapes of the anatase crystallites. Sieving the ground sample
separated out agglomerates of different sizes, and the anatase particles contained within
agglomerates between 45 pm and 53 pum in diameter contained a slightly different
distribution of particle shapes than the entire ground sample. The increase in the (200)
peak was more prominent, and an increase in the intensity of the (211) peak was also
observed. The crystallites in the ground and sieved particles where therefore distinct in

their XRD patterns and particle shapes compared to as-received P25.

Comparing the (hlk) intensities of C500 to P25 and the ground and sieved
samples, the patterns are nearly identical, with only a small increase in the (200) peak.

This shows that grinding and sieving has a more significant impact on exposed facets and
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crystallite shapes than calcination to a temperature below the anatase-rutile transition in

P25.

Comparing the XRD pattern for G-S50-C500 to the other patterns in Figure 3.6
shows a qualitative difference as several peaks are immediately noticeable as having
increased intensities relative to the (101) peak. Quantitative comparison in Figure 3.8
reveals that nearly all peak intensities are enhanced relative to the (101) peak as compared
to as-received P25 and C500. Despite the identical calcination temperature for C500 and
G-S50-C500, small changes in particle shape induced by grinding and sieving lead to
very different particle shapes upon calcination. Some of the particles in ground and sieved
samples were susceptible to rutilization at a lower temperature, but the G-C700 data and
Section 3.5 suggests that the particle shapes achieved by the remaining particles at 773 K
were more resistant to rutilization. It also indicates that all particles in the mixture
undergo some physical change, but that the pre-calcination shape determines the
outcome. One population of particles transforms into rutile, while another population
changes into a shape that is resistant to rutilization. The as-received particles underwent
neither transformation at 773 K, but at 973 K, the majority of anatase particles
transformed to rutile. The remaining anatase particles had significantly different shapes
from the as-received P25, as well as from G-S50-C500 (Figure 3.8), but once again the
relative intensity of the (101) peak was significantly reduced, as indicated by the growth
of the other peaks. In both cases, these resulting particles were resistant to further
rutilization (Section 3.5), but the temperatures at which these particles were obtained

were 200 K apart
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Figure 3.6 Normalized XRD patterns of P25 subjected to different pretreatments
conditions; a) P25, b) C500, ¢) S50, d) G-P25, ) G-S50, f) G-S50-C500. Samples
identified in Table 3.1.
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Figure 3.8 Relative intensities of each (hkl) anatase peak to the anatase (101) peak for
calcined samples. Samples identified in Table 3.1.

The anatase structure is controlled by a balance between the anion-anion (O-O)
repulsions and the cation-anion (Ti-O) attractions.®*8> Therefore the increased ratio of
anions to cations on the surface of the (200) facet may lead to increased stability of the
G-S50 sample with an anatase phase that has an increased amount of (200) faces.
Additionally, it has been shown using first-principles calculations that the (200) surface
is the second most stable face of anatase.®® While the anatase (101) has a surface energy
of 0.44 J/m? the anatase (200) surface is close in energy, 0.53 J/m?.8® This suggests that
the increased intensity in the (200) peak in the XRD pattern for G-S50 is at least partly

responsible for the stabilization effect.

As grinding alone (without sieving) had an effect on particle shapes, an effect on

stabilization would be expected as well. This was observed in comparing C700 and G-
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C700, where the ground sample remained majority anatase phase (73 wt%) while the

unground sample was mostly converted to rutile.

Despite these changes in particle shape and resistance in rutilization, no
pretreatment method had any significant effect on the BGE of either TiO2 polymorph
present (Table 3.A1). While anatase and rutile in as-received P25 had BGE values of 3.33
eV and 3.13 eV, the most of the treated samples had anatase BGE between 3.28 eV and
3.33 eV and rutile BGE between 3.09 eV and 3.13 eV. Only one sample (G-S50-C500)
had an anatase BGE outside this narrow range, and then at 3.25 eV was still within 0.1
eV of the parent sample. This supports that the phase and crystallinity of the particles was

essentially unchanged.
3.4.5 In Situ Monitoring of Rutilization during Calcination

While both XRD and UV-visible spectroscopy were able to give good quantitative
measurements of the composition in mixtures of anatase and rutile, ex situ XRD is limited
to analyzing samples exposed to a single set of conditions at a time. In situ XRD would
provide more insight into rutilization by allowing for direct observation of phase change
with temperature, but requires specialized equipment and significant resource
commitment to lengthy XRD data collection. By comparison, in situ UV-visible
spectroscopy is a low-cost and accessible technique that can potentially provide similar

information.

In order to further investigate the onset temperature for and extent of rutilization,
the DPR method was applied to an in situ UV-visible spectroscopic experiment where
sample powders were calcined at elevated temperatures while continuously measuring

their phase composition. Figure 3.9 shows the composition of P25 and G-S50 samples
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that were exposed to calcination conditions at a ramp rate of 2 K min™. Data below 573

K are not shown, and did not vary significantly from the pre-calcination measurements.
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Figure 3.9 Weight-percent rutile in P25 and G-S50 determined via in situ diffuse-
reflectance UV-visible spectroscopy during calcination from 573 K to 973 K with a ramp
rate of 2 K minl. The wt% rutile values after three hours of calcination at 973 K (C700
and G-S50-C700) are also shown.

For the treated P25 sample, the composition remained unchanged up to 823 K (in
agreement with the ex situ measurements on C300 and C500), followed by an increase in
rutile content up to 37 wt% at 973 K. At this point the temperature was held constant for
three hours, (as for C700), and the percent rutile reached 83 wt%, which was the
comparable to the value obtained for C700. Through in situ DPR analysis, the onset
temperature for rutilization could be more accurately identified as being just above 823

K. As expected, G-S50 experienced an earlier onset of rutilization; the composition was
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unchanged up to 673 K. The percent rutile measurement at 773 K was consistent with the
ex situ measurement at 27 wt% rutile. After this, the rutile content grew linearly with time
and temperature up to 823 K (34 wt%). Above 823 K, the rutile content was nearly
constant, growing slightly to 39 wt% by 973 K. At this point in the experiment, the wt%
rutile in both the treated P25 and treated G-S50 were nearly the same, but the behavior
following further calcination for three hours was drastically different. The G-S50 sample
only reached a maximum rutile wt% of 47%, compared to 83% for P25. The effect of
grinding on particle shape prior to calcination discussed in section 3.4.2 can be interpreted
here as imparting a higher rutilization resistance on the particles that were both ground

and sieved.

In situ DPR presented a facile means of measuring the phase composition during
rutilization, and provided direct evidence in a single experiment of the lower onset
temperature of rutilization and the lower overall extent of rutilization of ground and
sieved samples. To obtain the same results by XRD alone would require a much larger
set of calcination experiments, with samples collected from each experiment giving a

single XRD data point.
3.5 Conclusions

Derivative peak fitting of differential diffuse reflectance spectra obtained from
UV-visible spectroscopy was performed in conjunction with Raman Spectroscopy and
X-ray Diffraction to determine the effect of grinding, sieving, and calcination on the

phase transition of anatase to rutile in P25 titanium dioxide.

DPR UV-visible spectroscopy was able to quantify phase composition in as-

received P25 as well as post-treatment samples, with good agreement with XRD and



S7

Raman measurements. Additionally, DPR gave direct measurement of the individual
band gap energies of each polymorph within the mixture. These measurements
established that pretreatment conditions did not change the optical band gaps of the

anatase and rutile polymorphs in the samples.

Through in situ DPR measurements during calcination, the onset temperature for
rutilization of the anatase phase could be identified as just above 823 K, eventually
leading to nearly complete conversion of the anatase to rutile after three hours of
treatment at 973 K — a reduction from 86 wt% anatase to 17 wt% anatase by DPR (85
wt% down to 12 wt% by XRD). Grinding P25 prior to calcination reduced the total extent
of rutilization, as measured by both XRD and DPR. Sieving of ground particles led to
selection of a population of anatase particles that showed a lower onset temperature for
rutilization, down to 673 K. Changes in particle shape, as suggested by changed in the
XRD patterns of the ground particles prior to calcination, seem to impart both the greater

overall resistance to rutilization as well as reduce the onset temperature.

The analysis in this paper aims to support DPR as both a method for measuring
polymorph band gap energy and concentration in a multiphase semiconductor. The
analysis is facile and could be easily used as a supplementary technique combined with a
more established methods of analysis, such as XRD or Raman. Additionally, in situ DPR
allows for on-stream analysis of polymorph composition. DPR has also been shown in
this work to be a more accurate method for determining BGE for multi-phase samples,
such as P25, compared to the traditional Tauc method. The approach described here for
compositional and BGE analysis for mixed-phase semiconductors may find application

in other systems beyond the anatase/rutile mixtures presented here.
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3.A Appendices

3.A.1 XRD patterns of anatase/rutile physical mixtures
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Figure 3.A1 XRD patterns of anatase/rutile physical mixtures. a) pure anatase and pure
rutile, b) 50 wt% anatase, c) 66 wt% anatase, d) 75 wt% anatase, e) 82 wt% anatase.
Balance is rutile in b)-e).

3.A.2 Crystallite size, BGE, and bulk density of analyzed samples

Grinding and sieving did have an effect on the crystallite sizes of the crystallite
particles present in each sample (Table 3.Al). Anatase showed little effect from
pretreatment conditions, but rutile was more variable. Rutile showed a large increase in
particle size upon calcination of P25 at 973 K (C700), from 31 nm to 51 nm. Grinding (G-

P25) showed a significant reduction in rutile particle size from 31 nm to 20 nm.

Table 3.Al1 Crystallite size (XRD), BGE (DPR), and bulk density of analyzed samples.



Crystallite Size Bulk

Sample by XRDP BGE b\;; DPR Density?
(nm) (V) (g em?)

Anatase  Rutile  Anatase Rutile
Anatase 58 17 - 3.31£0.01 - 0.88
Rutile - >100 3.21+£0.01 3.03#0.00 1.35
Anatase (82%) - - 3.34 £0.01 3.08+0.00 -
Anatase (75%) - - 3.34 £0.00 3.08%0.00 -
Anatase (66%b) - - 3.34 £0.00 3.06+0.01 -
Anatase (50%) - - 3.37£0.01 3.07+0.01 -
Anatase (25%) - - 3.34+0.01 3.04+0.01 -
P25 20 +1 31+3 3.33+0.01 3.13+0.00 0.13
C300 20 1 28+2 3.32+0.00 3.12+0.00 0.18
C500 23 +2 37+3 3.33+0.00 3.13+0.00 0.18
C700 26 +3 51+2 3.33+0.00 3.09+0.00 0.33
G-P25 23 +2 20+4  3.29+0.03 3.10+0.02 0.68
G-C300 - - 3.30£0.01 3.10+0.00 0.24
G-C500 26 +6 25+5 3.33+0.01 3.12+0.00 0.23
G-C700 - - 3.33+0.01 3.11+0.00 0.33
S50 24 +2- 33+11 3.32+0.01 3.11 #0.00 0.16
S50-C500 22 +2 27 +10 3.32+0.01 3.12+0.00 0.19
G-S50 23 +1 32+6 3.28+0.02 3.11+0.00 0.43
G-S50-C500 18 +1 27+3 3.25+0.01 3.12+0.00 0.42
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@ pulk density calculated from the mass of sample required to loosely pack a 0.022 mL

sample cup.

b Apparent crystallite size from whole pattern fitting Rietveld refinement

3.A.3 Derivative Peak Fitting of the Kubelka-Munk Function

For transmission UV-Visible spectroscopy — such as with liquid samples— light

absorbance follows Beer’s law, A = ¢ | ¢, where the absorbance, A, is the product of the

extinction coefficient, ¢, path length, |, and concentration of the absorber, c. For a given

species and experimental setup, both path length and the extinction coefficient are constant

such that absorbance is proportional to concentration. Differential analysis of absorbance

spectra has been used to successfully determine the concentration of different species in

solution by measuring the area of the fitted peaks.
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In diffuse-reflectance spectroscopy, the Kubelka-Munk function, F(Rx), Is
analogous to absorbance, and as such the Kubelka-Munk function may be expected to be
proportional to concentration. It is however much more difficult to ensure a constant path
length in diffuse-reflectance spectroscopy due to the different light-penetration depths that

might exist in different samples.

(1 — Ry)?

F(Rs) = R

Despite these limitations, we evaluated derivative peak-fitting using the Kubelka-
Munk function. To measure the concentrations of the polymorphs in physical mixtures of
anatase and rutile, the first derivative of F(R.) was calculated. Take the first derivative and
deconvolute the F(R-) spectrum into multiple peaks, with each corresponding to a single

polymorph.

dF(ROO) — F(Roo)i - F(Roo)i+1
dA A = Ay

Correlating the peak areas obtained in this manner to the known concentration in
the prepared anatase/rutile mixtures presented a challenge. The assumption that the peak
area fraction in the two polymorphs corresponded to the mass fraction linearly did not
apply. The parity plot between the calculated wt% anatase using this assumption (Figure
S2) deviated significantly from the parity line, indicating that the relationship between the
peak areas in the derivative of the Kubelka-Munk function and the concentration of the
TiO2 polymorphs was either non-linear, or the extinction coefficients were not equal for
anatase and rutile, or the path lengths were not equal for anatase and rutile, or some

combination of these factors. Additionally, since the relationship between F(R.) and R is
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known the relationship can be expanded and the derivative compared to that of the

reflectance

d(F(Rs)) _ (Rew® —1)d(Rs)
did)  2R.? dQ)

Where the derivative of the F(R) is not linear with respect to the derivative of the
absolute reflectance d{%. It would therefore be expected that if the integral of the derivative

of absolute reflectance of mixed samples was linear with respect to concentration that the
integral of the derivative of the Kubelka-Munk function of mixed samples would not be
linear with respect to concentration, which is seen in Figure 3.A2. Peak-fitting the
derivative of the Kubelka-Munk Function (DPA), gives a non-linear response with
concentration. For this reason, we suggest that derivatives of the Kubelka-Munk function
are not suitable for compositional analysis, unlike the DPR analysis used in the remainder

of the present work.

Figure 3.A2 shows the raw peak area fractions and assumes that the absolute
response factors of the two TiO2 polymorphs are equal. Using the DPR data, the response
factor of rutile relative to anatase was 1.34. This value is intuitively close to 1 for two
similar materials. By contrast, the DPA method calculates a response factor of 0.14 for
rutile relative to anatase, which is an unexpectedly large difference between polymorphs,

and further suggests that DPA is not suitable for composition analysis.
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Figure 3.A2 Raw peak area % response for composition (wt% anatase) in physical
mixtures of anatase/rutile determined via derivative peak fitting of the Kubelka-Munk
function (DPA - green squares) and the absolute diffuse reflectance (DPR - red triangles).

3.A.4 Raman Analysis of pure anatase and pure rutile

Raman Analysis of pure anatase and pure rutile (Figure 3.A3) was used with pure
samples and physical mixture to generate a calibration curve that allowed the use of Raman

to determine sample composition.

a) — Rutile b) —— Rutile
—— Anatase —— Anatase
=) 5
8 8
2 2
= =
c c
g g
= £
100 120 140 160 180 200 400 600 800
Raman Shift, cm™ Raman Shift, cm™

Figure 3.A3 Raman analysis of pure anatase and rutile received from Acros Organics. Peak
at 141 cm-1 is consistent with anatase phase.



3.A.5 Derivative Peak Fitting of a) G-P25, b) G-C300, ¢) G-C500, d) G-C700
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Figure 3.A4 Derivative Peak Fitting of a) G-P25, b) G-C300, ¢) G-C500, d) G-C700.
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3.A.6 Raw diffuse reflectance spectra

the manuscript are included in Figure 3.A5.
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The raw diffuse reflectance spectra (absolute reflectance) of samples discussed in
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Figure 3.A5 Raw absolute reflectance of a) anatase and rutile physical mixtures, b) P25,
calcined P25, c¢) ground, and calcined P25, d) sieved, ground, and calcined P25.

3.A.7 Spectra collected during in situ calcination

The spectra collected during in situ calcination of C300 are given in Figure 3.A6.
Figure 3.A6a) shows all the raw diffuse reflectance spectra (absolute reflectance) Figures
3.A6b)-d) show the deconvoluted DPR spectra for data collected at 573 K, 773 K, and 973
K. The increase in spectral noise at 973 K is due to a roughening of the powder sample
surface. The powder sample loaded at room temperature has a flat surface. Above the
anatase-rutile transition temperature, the lower density anatase particles are replaced with
higher density rutile particles, leading to a higher bulk density of the powder bed and

volume reduction. As the volume shrinks, the surface of the powder bed becomes less
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smooth and reduces the reflectance of the sample. Despite the added noise, the samples are

still reliably analyzed by DPR for quantitative measurement of the anatase and rutile phases

present.
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Figure 3.A6 UV-Visible diffuse-reflectance spectra collected during in-situ calcination (a)
and derivative peak fitting of samples at 573 K (b) 773 K (c), and 973 K (d).
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Chapter 4: Metal-Free Hydrogen Evolution over Defect-Rich Anatase Phase
Titanium Dioxide

4.1 Introduction

As mentioned in section 3.1, Titanium dioxide (TiO2) has been a favored material
for applications in catalysis and photocatalysis due to its stability, redox properties, and
low cost.®”8 Photocatalysis for hydrogen generation has generated significant scientific
interest since the 1972 example of water splitting over TiO2 under ultraviolet light
illumination.®® TiO, has two very desirable properties for a photocatalyst. First, it is
photoactive in near-visible ultraviolet light while maintaining stability under catalytic
conditions. Second, its band energies are well-aligned with reactions such as water
splitting, namely the conduction band energy is higher than the reduction potential of the
proton. Perhaps due to the potentially limitless material feedstock (water) and energy input
(sunlight), solar water splitting for hydrogen production has received much attention, but
there are other hydrogen-containing feed stocks from which liberating hydrogen gas is

thermodynamically easier, including methanol®*-1° and biomass.10%-107

Hydrogen gas is touted as a clean-burning energy carrier that has potential
applications in both stationary and mobile power generation and energy storage at higher
efficiency than conventional internal combustion engines.*®®11° However, the majority of
hydrogen produced commercially is derived from an unsustainable process: Methane steam
reforming (MSR) of fossil-fuel derived methane.!*"1* MSR is used to convert fossil
methane to hydrogen gas and carbon monoxide as syngas at high temperature. Not only
does this process use an unsustainable feedstock, but it also suffers from being an

endergonic and endothermic reaction that operates at poor atom efficiency based on C and
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H. This poor efficiency is due in part to the need to burn half of the methane feed to provide

heat for the process, which releases CO,, a greenhouse gas, into the atmosphere.4

Photocatalytic methane steam reforming by contrast offers several advantages for
hydrogen generation. For reaction to proceed spontaneously, the following inequality must
hold, AG < We, where W is the external input of non-PV work. For a thermochemical
reaction, there is no external work function (We = 0), so the reaction proceeds only when
AG < 0. In a photochemical reaction, photoexcitation provides external energy input in the
form We = hv, where h is the Planck constant and v is the frequency of irradiated light.
Therefore, for photocatalysis, the thermodynamic limitation is AG < Av. Since AG® =113
kJ mol™* for MSR, this requires a semiconductor with a band gap energy of 1.17 eV or
larger to absorb photons of enough energy. This minimum theoretical band gap energy is
readily met by many wide-band gap semiconductors including TiO2. As mentioned in
section 1.4, the band gap energy of the anatase polymorph of TiOz is 3.2 eV. In this way,
photocatalytic MSR bypasses the thermodynamic equilibrium limitations of
thermocatalytic MSR. The addition of photon energy, 4v, means the system is not at
thermal equilibrium, therefore the equilibrium limitation is not the same as in the absence

of light at the same temperature.

Once the high temperature requirement is relaxed, the process may proceed at lower
temperature, and many deficiencies of industrial MSR could be addressed. At lower
temperature, residual or waste heat could be used to drive the reaction, eliminating the need
for external fuel burn and immediately doubling the atom efficiency and increasing the
hydrogen yield of the process. Operating at these conditions would also limit the amount

of coke formation, leading to longer process cycles and less reactor down time. The
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elimination of the furnace when conducting MSR at low temperatures with waste heat
would simplify the reactor design and materials of construction, making the process more
scalable and applicable to smaller scale and point source operations. The smaller scale of
operation will allow biorenewable methane to become a feasible feed stock for MSR.
Biorenewable methane can be obtained from landfill gas, and the anaerobic digestion of
waste streams, such as food waste and wastewater. Waste-derived biomethane can be
considered a renewable and net CO»-free hydrogen source, as the carbon in the methane
was removed from the atmosphere during photosynthesis, and returns to the atmosphere
after the MSR process. If the energy for the MSR reaction comes from solar photons, the
hydrogen synthesized this way is renewable.!*>® An additional benefit of biomethane
utilization at point sources such as landfills and dairy farms is to incentivize capture of
methane emissions, instead of releasing the potent greenhouse gas into the atmosphere.
Methane has more than twenty times the global warming potential per carbon as CO> over
100 years.'!’ Solar thermal heating for MSR*'118 would couple well with photocatalytic
reaction conditions, providing both adequate heat for the endothermic reaction at the

desired elevated temperature as well as high photon flux in a solar concentrator.

Photocatalytic methane steam reforming for hydrogen production has been
investigated experimentally by the group of Yoshida.11%26 They found that supporting Pt
on a variety of semiconductors is effective for hydrogen evolution from steam and methane
with quantum yield up to 30%. In the reaction of water and methane over Pt/TiO2, CO>
was the primary carbonaceous product, with trace quantities of CO and ethane formed

during an induction period. In these experiments platinum was always included as a
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cocatalyst as TiOz is not able to evolve Hz gas without precious metal cocatalysts due to a

lack of the required active site.'?’

It is known that under certain pretreatment conditions, including exposure in
vacuum and thermal treatment under reducing atmosphere,?812° TiO, can liberate
dioxygen gas by losing lattice oxygen, resulting in defect-rich anatase with oxygen
vacancies and reduced Ti** centers. TiO; is known to turn blue under ultra-high vacuum
(UHV) conditions due to the high concentration of defects, but this change is reversible, as
O from ambient air reoxidizes the reduced TiO once the vacuum is removed, making it
white again. Annealing in hydrogen gas can induce oxygen vacancies both on the surface
and within the lattice of Ti0..13%132 Studies from Mao and coworkers have shown that
annealing TiO2 under hydrogen gas at 18 bar and 473 K for five days creates black TiO>
with an increase in surface hydroxyls.'®® Studies by other groups of hydrogen treatment at
various temperatures, pressures, and annealing times have synthesized black,3+13°
blue,!221% and brown 3413136 photoactive TiO,, thus supporting that optical properties
and photocatalytic performance of hydrogen-treated TiO> depends significantly on the

method of preparation.t®’

The removal of one oxygen atom from the TiO; lattice leads to the formation of an
oxygen vacancy (Vo) and two electrons, which migrate to and reduce two Ti** centers to
become Ti®" centers. Both X-ray Photoelectron Spectroscopy (XPS) and Electron
Paramagnetic Resonance (EPR) have been used to investigate the presence and
concentration of defects in anatase. XPS has been used to identify the percentage of oxygen
in three bulk states: lattice oxygen, surface hydroxyl, and defect oxygen proximal to an

oxygen vacancy, as mentioned in section 3.4.1%¢ EPR is sensitive to unpaired electrons, and
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can identify a variety of paramagnetic defect structures in TiO, including holes trapped at
O atoms (O"), electrons trapped at oxygen vacancies (F-centers), and electrons trapped at

Ti atoms (Ti%* centers) in bulk and surface lattice positions, 122136:138

Though annealing under hydrogen has received much attention, the mechanism by
which hydrogen alters the physical and chemical properties of TiO> are less well
understood. Often, it is assumed that hydrogen is responsible for direct reduction of the
metal oxide. To provide insight into the annealing process, in the present work the effect
of H2 gas is compared to annealing under different gases, including diatomic N2, noble Ar,
and oxidizing air. The concentration of defect sites was characterized in each sample by
XPS and EPR. The modified anatase samples were then tested for photocatalytic hydrogen
evolution under MSR conditions and UV illumination without the use of any metal
cocatalyst. The defects produced by annealing under oxygen-excluded atmospheres were
found to be highly stable to mildly oxidizing conditions and imparted metal-free

photocatalytic hydrogen evolution activity to anatase TiOx.
4.2 Materials and Methods
4.2.1 Sample Preparation

As-received anatase TiO2 (Acros Organics, #213581000, 98+% anatase) was
calcined prior to annealing in a Thermo Scientific Lindberg Blue tube furnace equipped
with multi-step ramp-soak program functionality. Samples were calcined at 773 K for three
hours with a ramp rate of 2 K min™t under 100 ml min air and cooled to room temperature

at 2 K mint under 100 ml min air.
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High-pressure, high-temperature annealing was carried out in a 25 ml Parr Series
4790 autoclave equipped with a PTFE gasket. 30 mg of sample was loaded into a glass
liner placed inside the autoclave. The autoclave was purged with 14.6 atm of nitrogen seven
times and then pressurized to 18 atm with the desired annealing gas. Annealing gases
consisted of hydrogen (UHP 5.0 grade, Airgas), nitrogen (4.8, Praxair), argon (UHP 5.0,
Airgas), or air (zero-grade, Praxair). Once pressurized, the sealed autoclave was ramped at
2 K min"t to 473 K. After annealing for five days, the autoclave was cooled at 2 K min™to
room temperature and vented. Collected samples were then stored in air-tight vials in a
desiccator. Annealed samples are named after the annealing gas and are abbreviated as
follows: hydrogen-annealed = HA, nitrogen-annealed = NA, argon-annealed = RA, air-

annealed = AA.
4.2.2 Surface Area Characterization

Specific surface areas were measured using 11-point nitrogen physisorption
isotherm at 77 K and analyzed with Brunauer-Emmett-Teller theory (BET) using a
Quantachrome Autosorbl. Samples were degassed under nitrogen at 423 K for 2 hours to

desorb excess water prior to surface area measurements.
4.2.3 X-Ray Powder Diffraction

X-ray powder diffraction (XRD) patterns were collected on a PANalytical Philips
X’Pert X-ray diffractometer equipped with a Cu-Ka source at 40 kV and 40 mA and
angular incidence 26 between 20° and 80° with a 0.05° step and 3.0s step™* for a scan speed
of 0.0167 ° st. XRD patterns were analyzed to determine polymorph, crystallinity, and
crystallite size using whole pattern fitting (WPF) and Rietveld refinement with Pearson-

V11 profile shape function with PDF# 01-073-1764 and PDF# 01-078-1510 for anatase and



72

rutile, respectively. XRD patterns were background subtracted with a medium cubic spline
with a Kal/a2 ratio of 3. Crystallite size was determined during WPF refinement while

removing instrumental contribution.
4.2.4 Diffuse Reflectance UV-Visible Spectroscopy

Diffuse reflectance UV-visible spectroscopy was carried out in a Thermo Scientific
Evolution 3000 spectrophotometer equipped with a Harrick Scientific Praying Mantis
diffuse reflectance accessory. The spectra were collected between 200 nm and 1000 nm in
intervals of 1 nm. A Spectralon disk was used as the absolute reflectance standard. Band
gap energies were calculated using the Tauc method, first introduced in section 3.1, and
the DPR method (peak center of a Gaussian peak fit to the derivative of the absolute

reflectance). Peak fitting was performed using fityk software mentioned in section 3.2.
4.2.5 CHN Analysis

Carbon-hydrogen-nitrogen (CHN) elemental analysis was conducted on a Carlo
Erba NA-1500 Analyzer.’*® Samples were measured in small aluminum cups to an
accuracy of 1 pug to ensure reliable atomic percentages of carbon, hydrogen, and nitrogen.
Loaded cups were combusted at 1773 K via flash combustion to yield quantification with

high accuracy, +0.003 wt%.13°
4.2.6 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) was measured under UHV using a
Thermo Fisher K-Alpha XPS instrument equipped with a monochromatic Al Ka line with
photon energy of 1486.7 eV. The estimated depth sensitivity in this geometry is about 10

nm.%*° To obtain a quantifiable surface oxygen environment and titanium oxidation state,
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the spectra were deconvoluted using the method described by Nesbitt and Banerjee.'* All

reported binding energies are in reference to the C 1s peak at 285.0 eV.
4.2.7 Electron Paramagnetic Resonance

X-band Electron Paramagnetic Resonance Spectroscopy (EPR) was performed on
an Bruker Elexsys E 500 spectrometer equipped with a single microwave cavity with an
X-band bridge operating at 9.2-9.9 GHz. Microwave power of 40 dB was chosen such that
intensities of all observed signals varied linearly with the square root of the power thus
ensuring the signal was not saturated. #2143 EPR spectra were recorded at 12 K.42 In order
to quantify Ti®* centers in the samples, a CuSOj4 crystal suspended in mineral oil was used
to calibrate the spin counts. Samples were filled into 4 mm Wilmad EPR tubes up to 2 cm
from the bottom of the tube, with the sample mass recorded to allow for quantification of

moles of Ti* per gram of TiO-.
4.2.8 Photocatalytic Reactions

Gas-phase heterogeneous photocatalytic MSR reactions were carried out in a
Harrick Scientific Praying Mantis high temperature reaction chamber illuminated by a
Newport 150W xenon ozone-free Arc Lamp. A dichroic mirror beamturner reflector and
colored glass bandpass filter were used to restrict illumination to UV light between 280 nm
and 400 nm. The gas-phase reaction mixture consisted of methane (UHP 4.0, Airgas),
nitrogen, and water vapor. Water vapor was supplied by heating DI water in a bubbler to
313 K and passing nitrogen carrier gas through the bubbler. 25 mg of fresh catalyst was
used for each reaction. The catalyst was heated under 100 ml min* of reactant gases to the
reaction temperature of 973 K at a ramp rate of 5 K min. Standard reaction conditions

included 8 hours reaction time at 973 K under UV illumination with constant 100 ml min-
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! flow of reactant gases. The corresponding space time was 4.18x107® gcat hr mI™L. Reaction
products were analyzed using an Agilent 7890b GC equipped with a flame ionization
detector and a thermal conductivity detector and using an Agilent 5977a GCMS equipped
with a mass-selective detector. Hydrogen and CO> were the major gaseous products
detected, with additional trace quantities of formaldehyde. CO was never detected as a

product.

4.3 Results and Discussion

4.3.1 Characterization

4.3.1.1 X-ray Diffraction and UV-Visible Spectroscopy

Annealing anatase samples under hydrogen, nitrogen, argon, and air produced no
visible changes in the resulting powders, which all resembled the starting material.
Notably, there was no significant difference in the color of the samples following removal
from the annealing vessel. The lack of color change is evident in the diffuse-reflectance
UV-visible spectra (Figure 4.Al) and the band gap energy (BGE) measurements in Table
4.1. BGE values calculated via the DPR method (Figure 4.A2) showed no change in the
BGE of anatase upon annealing, and the Tauc method (Figure 4.A3) showed only minor
variation in the calculated indirect BGE. Similarly, the valence band energies measured by

XPS (Figure 4.A4) also showed no variation between samples (Table 4.1).
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Figure 4.1 XRD powder diffraction patterns of analyzed samples. a) Anatase, b) AA-

anatase, ¢) RA-anatase, d) NA-anatase, e) HA-anatase.

Table 4.1 Physical and optical properties of annealed anatase samples. Particle size
estimated by XRD, surface area from 11-point BET, band gap energy calculated from Tauc
and DPR methods, and valence band position from XPS.

. Crystallite BET Tauc” DPR Valence
sampl Annealing Si Surface BGE (dR«/d)) Ba_n_d
ple ize
Gas [nm Area [eV] BGE Position
[m?g!] [eV] [eV]
Anatase - 64.2 115 3.22 3.31 2.7
AA-anatase air 80.2 10.6 3.26 3.31 2.7
RA-anatase Ar >100 9.3 3.25 3.31 2.6
NA-anatase N> 100 10.9 3.26 3.31 2.6
HA-anatase Haz 83.3 11.2 3.26 3.31 2.6

The X-ray powder diffraction patterns of the annealed samples are compared to the

parent anatase material Figure 4.1. The patterns remain unchanged, with no new peaks

appearing that would suggest the presence of new polymorphs. DPR can also reveal the

presence of rutile in anatase samples by showing additional peaks during peak-fitting, but

all samples were fit to a single peak for anatase (Figure 4.A2). Additionally, there was no

loss in crystallinity, though crystallite size increased as indicated in Table 4.1. Though
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some particles increase in diameter by 56% (40 nm or more), the surface areas measured
by 11-point BET decreased by a much lesser amount upon annealing. Though RA-anatase
showed the largest particle size increase and as a result had the smallest specific surface
area, the sample only lost 19% of its surface area. As the particle diameters were only
weakly correlated to the surface areas, annealing treatment resulted in particles that were
not spherical in shape, suggesting that the annealing treatment increases surface roughness

of the nanoparticles.
4.3.1.2 X-ray Photoelectron Spectroscopy

The chemical environments of surface and near-surface oxygen and titanium atoms
in annealed samples were analyzed by XPS. The O1s signal of oxygen atoms in surface
environments were fit with three peaks, as shown in Figure 4.2. The primary peak at a
binding energy of 530.4 eV corresponds to the bulk/lattice oxygen in Ti02.136144 The
secondary peak at 531.9 eV is assigned to defect oxygen sites corresponding to an oxygen
atom geminal to a lattice oxygen vacancy (Vo), and the tertiary peak at 532.9 eV is assigned

to oxygen in a surface hydroxyl state.144-146

The peak areas of the O1s signal in defect and hydroxyl chemical environments as
a fraction of all oxygen atoms (Os31.9/20;) are plotted in Figure 4.3. All annealed samples
showed an increase in surface hydroxyls relative to the parent sample. While 3.8% of
oxygen atoms were in the surface hydroxyl environment, this value increased to 12-13%
in the annealed samples, regardless of the annealing gas. Despite the increase in particle
size and slight decrease in BET surface area, the surface hydroxyl concentration increased
upon annealing. This suggests that the TiO2 particles underwent surface roughening.

Larger, less spherical particles with rougher surfaces would be expected to show a smaller
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decrease in surface area than smooth, spherical particles of the same diameter, consistent

with the XRD, BET, and XPS measurements.
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Figure 4.2 O1s region of XPS spectra with oxygen in three environments, deconvoluted to
fit three peaks to bulk oxygen (red), oxygen defect sites adjacent to oxygen vacancies

(blue), and surface hydroxyl (green).

Though all annealed samples showed an increase in surface hydroxyls, only

samples annealed in the absence of oxygen (i.e. Ar, N2, H2) showed an increase in the

percentage of oxygen in the defect environment. As XPS spectra are collected under UHV,

some oxygen is expected when anatase particles are exposed to vacuum, leading to the

formation of some oxygen vacancies.
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Figure 4.3 Percentage of oxygen in oxygen defects (sites adjacent to oxygen vacancies)
and in surface hydroxyls as determined by deconvolution of the O1ls XPS spectra for
anatase (black) compared to annealed samples.

This is shown in Figure 4.3, as 11.7% of oxygen atoms were in defect
environments, indicating nearby oxygen vacancies. The sample annealed in air showed the
same concentration of oxygen defects as untreated anatase, indicating that defect oxygen
formation could not be induced when annealing anatase in the presence of an oxidizing
gas. Annealing in oxygen-depleted gases however showed an increase in defect oxygen
signal to 18-21% of oxygen atoms near the surface of the particles. All three gases showed
approximately the same enhancement in defect oxygen, indicating that a reducing
environment is not necessary to induce TiO> reduction and oxygen vacancy formation. The
absence of oxygen during annealing was enough to create high-defect anatase, while the

presence of oxygen led to no enhancement in oxygen defects concentration.
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Quantifiable surface titanium oxidation states were determined via deconvolution
of the Ti2p XPS peaks (Figure 4.A5). For calcined anatase TiOz, the experimentally
obtained XPS Ti2p12 and Ti2pz» peak binding energies of 464.7 eV and 458.8 eV
respectively agree well with literature values for Ti** in titanium dioxide. 1**144 In addition,
the low energy tail with binding energy of 457.0 eV corresponded to Ti2ps. in a Ti*
center. 136144147148 | anatase and AA-anatase, the area of this peak normalized by the total
Ti2ps2 peak area (Tiss7.0/ZTii) corresponded to approximately 5% of titanium atoms
reduced from 4+ to 3+ oxidation state (Figure 4.A4). As discussed above, some of this
reduction is due to oxygen loss under UHV conditions during the XPS experiment. Just as
the oxygen defect signal increased by 50% upon annealing anatase in an oxygen-depleted
environment, RA-, NA-, and HA- anatase showed a 50% increase in the Ti®* signal relative

to anatase and AA-anatase. Approximately 7.5% of titanium centers appeared to be in the

Ti®" state.
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Figure 4.4 Percentage of 2psy, titanium in the Ti®* state determined by XPS peak area ratios
for commercial anatase (black), AA-anatase (pink), RA-anatase (blue), NA-anatase
(green), and HA-anatase (red).
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The XPS experiments established that a reducing environment was not necessary
to generate Ti** centers. The role of Hz is not to react with the TiO- as no difference in XPS
signals between HA-anatase and either NA- or RA-anatase was observed. To ensure that
N2 was also inert during the annealing process, the Nis region (395 eV to 410 eV) of the
XPS spectrum was examined for samples annealed in the presence of nitrogen. No signal
could be seen in the XPS spectra of in NA-anatase or AA-anatase (Figure 4.A6), indicating
that nitrogen was not present in the surface or near-surface of the annealed samples.

Additionally, CHN analysis was conducted and did not detect any nitrogen (Table 4.Al).

Because XPS is conducted in a vacuum which can induce oxygen vacancies in
TiO,, the true concentration of Ti%* centers at ambient conditions cannot be directly
measured. No effort was made to avoid exposing the annealed samples to air between the
annealing procedure and the XPS measurement, so some of the Ti* centers may have been
generated during annealing and some were generated under the UHV conditions. To better
understand the nature and stability of Ti®* centers in annealed samples, EPR spectroscopy

was used as an ambient pressure technique for quantification of reduced Ti centers.
4.3.1.3 Electron Paramagnetic Resonance Spectroscopy

The Ti** concentration was further investigated via Electron Paramagnetic
Resonance Spectroscopy (EPR). EPR is sensitive only to paramagnetic species.
Paramagnetic Ti®* gives strong signals while Ti** gives no signal, so the signal for Ti** is
clearer and easier to interpret. Additionally, XPS is a surface and near-surface technique,
and measurements preferentially represent surface states. EPR by contrast is able to probe

the entirety of a TiO. nanoparticle. Finally, EPR, conducted at ambient pressure does not
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employ any vacuum that would otherwise reduce TiO». Because no effort was made to
exclude ambient air while storing samples, EPR can identify the long-term stability of
reduced Ti3* centers during storage and air exposure without having the measurements

convoluted by the effect of UHV conditions.

The EPR spectra of the parent anatase sample and all annealed samples are shown
in Figure 4.5. As was observed with the XPS spectra, the samples could be grouped based
on the presence of oxygen during annealing. For all spectra, five features could be
identified. Band positions and g-factors did not vary between samples, only intensities
varied. The EPR peaks were assigned as follows from previous literature reports2%1%6.138
electrons trapped at oxygen vacancies (F-centers) appeared at g-factor = 2.003, oxygen
atoms with trapped holes (O°) appeared at g = 1.987, and electrons trapped at bulk Ti atoms
(Ti** signals) were also detected. Since Ti* centers in anatase have axial symmetry (gx =
gy), a single signal at g, = 1.97 was observed. EPR intensity is highest for equatorial
orientations, corresponding to gL - 1.946, therefore the g+ signal is expected to be
significantly larger than that for g;. Surface Ti®* centers gave rise to a broad signal at g=1.89
and have been reported in literature as a result of Ti®* centers in a disordered surface

environment.

Anatase and AA-anatase showed very similar spectral features, and HA-, NA-, and
RA-anatase samples were all similar to one another. The parent anatase sample and the
sample annealed in air showed weak signals for all paramagnetic species, including Ti%".
By contrast, the samples annealed in hydrogen, nitrogen, and argon showed sharp signals
at g-factor = 1.946, corresponding to bulk Ti®*. Samples of different ages, and therefore

exposure times, to ambient air were tested. No appreciable changes in the EPR spectra for
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the high-defect annealed samples could be seen, even after nine months of air exposure,

indicating very high stability to reoxidation at ambient conditions for reduced samples.

The small but finite Ti** concentration in anatase and AA-anatase likely arose from
photoexcitation by ambient light. When lacking surface species to react with, generated

photoelectrons can become trapped at titanium centers.
T*+hy— Ti*+e+h" > Ti¥*+h?

To evaluate the impact of annealing on the concentration of Ti%* centers, a standard
paramagnetic spin reference, CuSO4, was used for spin counting calibration. The results
are given in Table 4.2. Both the parent sample and the air annealed sample showed similar,
low concentrations of bulk Ti**, 55 and 72 nmolris* grio2* respectively. Samples annealed
in nitrogen, argon, and hydrogen showed an 6-7 fold increase in bulk Ti** concentration,
300-400 nmolTis™ grioz L. The ratio of surface Ti®* centers between the two groupings of
samples was also similar; approximately 2 nmoltis* grio2* for the low concentration
samples and 13 nmolis* grioz™* for the reduced samples. This suggests that the annealing
process creates reduced titanium center defects equally well in the bulk as in the surface.
A constant ratio of ~30 + 4 was found between bulk and surface Ti®* defects for all samples,
regardless of the actual concentration of defects. In fact, the ratios between defect sites of
different kinds did not change much with annealing treatments. The ratio between bulk Ti®*
and F-centers was ~125 + 25, and the ratio between holes trapped at oxygen atoms and F-
centers was ~2.3 + 0.7. These ratios vary far less between samples (15-30%) than the
variance between the magnitudes of the concentrations, which where a multiple of 4-7

times larger for the high-defect annealed samples than in anatase and AA-anatase.
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Together, EPR and XPS revealed that annealing anatase in hydrogen, nitrogen, or
argon greatly increased the concentration of defect sites, leading to a large concentration
of bulk Ti%* sites. The ratio of Ti%* sites in high and low defect samples measured by XPS
was convoluted with the vacuum-induced oxygen evolution, while EPR gave clear
measurement of the intrinsic concentrations of these defects under ambient conditions.
These reduced titanium sites were stable towards reoxidation in air over many months.
Their photocatalytic activity is explored in the following sections. While the concentration
of Ti®* centers was enriched in annealed samples, these sites still represented a very small
minority of Ti atoms in the particles. For example, HA-anatase possessed 326 nmol grio2”
! of Ti®* centers as measured by EPR, which corresponds to approximately one Ti atom

reduced per 38,000 lattice Ti atoms.
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Figure 4.5 EPR spectra of a) anatase, b) AA-anatase, ¢c) RA-anatase, d) NA-anatase, €)

HA-anatase. Peaks labelled for F-center (g = 2.003), oxygen with trapped hole (g = 1.987),
bulk Ti** (9= 1.97, gL = 1.946), and surface Ti%* (g = 1.89).
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Table 4.2 Concentration in (nmol grioz™*) of paramagnetic defects in samples measured by
EPR spin counting, including bulk and surface Ti®* centers, F-Centers, and O™ centers. Spin
counts determined with standard reference CuSOea.

Sample Bulk Ti®*  Surface Ti** F-Center
Anatase 55 1.7 0.4
AA-anatase 72 2.0 0.6
RA-anatase 386 13 4.1
NA-anatase 323 13 2.8
HA-anatase 326 13 2.1
HA-anatase (post-reaction, UV)*® 14 1.0 3.1
HA-anatase (post-reaction, UV)?° 16 0.6 0.6
HA-anatase (post-reaction, dark)¢ 6 0 0.3
HA-anatase (calcined)® 9.8 17 0.5

2 HA-anatase sample after reaction under MSR conditions (100 ml mint of 4% CHa, 4%
H20 at 973 K). 8 hours under UV illumination. ¢ 36 hours under UV illumination. ¢ 36
hours without illumination. ® HA-anatase sample after 3 hours calcination (100 ml min of
air at 773 K).

4.3.2 Photocatalytic Activity
4.3.2.1 Photocatalyst Stability

A number of artifacts of catalyst preparation may lead to the apparent formation of
reaction products without involving catalytic turnovers. Desorption and/or decomposition
of adsorbates from catalyst preparation and consumption of trapped excitons and/or
material defects could give measurable reaction rates from stoichiometric consumption of
species present at the beginning of reaction conditions. Such reaction rates would be
expected to decline as the stoichiometric species involved are consumed over long periods
of time. A special concern may be raised for samples treated in hydrogen, in case hydrogen
was adsorbed during annealing and simply released under reaction conditions. For this

reason, an effort was made in the following work to allow reactions to proceed long enough
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to establish steady-state hydrogen evolution activity without declines in reaction rates.
Reactions were typically run for 8-44 hours under reaction conditions to establish that the
reaction was truly at steady-state. In general, photocatalysts annealed in hydrogen,
nitrogen, and argon showed long-term stable activity under UV illumination only, i.e.
photocatalytic conditions. Reaction over these samples without illumination, i.e. “dark” or
thermocatalytic conditions, showed slow decline in activity with reaction time as discussed
in the following sections. Anatase, without annealing treatment or annealed in air, showed
either rapid loss of activity or no photocatalytic activity towards hydrogen generation. All
reported reaction rates were measured at 973 K. Catalyst was exposed to reaction gases
while ramping temperature up to 973 K, and hydrogen evolution rates remained negligible

below 973 K.

Non-catalytic reaction mechanisms are of special concern in metal-free hydrogen
evolution reactions, as TiO2 normally does not possess the correct active site geometry for
the production of hydrogen gas.'?” Often, a metal nanoparticle cocatalyst is instead used to
catalyze this reaction. The establishment of long-term steady-state hydrogen evolution
from metal-free anatase particles indicates that the annealing procedure was able to
generate active sites with the correct geometry for hydrogen evolution, and that these sites
were stable under reaction conditions. Figure 4.6 shows that anatase annealed under
hydrogen demonstrated steady hydrogen evolution activity for 40+ hours under continuous

MSR conditions under UV illumination at a steam/carbon ratio of one.

At elevated temperatures, the anatase polymorph of TiO2 converts to the rutile
polymorph. As discussed in section 3.3, the onset temperature for rutilization during

calcination occurs between 673 K and 873 K, depending on the particle properties. In situ
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DPR is effective for continuous monitoring of phase-change, and all photocatalytic
experiments were carried out in an in situ diffuse-reflectance spectroscopy reactor.
Following reaction, the diffuse-reflectance UV-visible spectra of used catalysts were
measured and analyzed for polymorphism. Despite the high reaction temperature, anatase
was the only phase present, and no rutile phase was found (Figure 4.A7). Changes in
particle shape and exposed facets of the anatase crystallites has been associated with
stabilization of the anatase phase at high temperature, suggesting that the annealing process

imparted stabilization through similar processes to the materials studied here.

From the total accumulation of H, formed during the continuous-flow experiment,
it is evident that HA-anatase is active for metal-free hydrogen evolution, and that the
activity is not the artifact of some stoichiometric reaction. After 42 hours of reaction, 35
mmoles of Hz had evolved per gram of TiO. If the most abundant defect sites, Ti** centers
in the bulk, were responsible for the observed reactivity, 108 kmoles of H. formed per mole
of Ti%* centers, reaction could not be attributed to the consumption of such sites, and must

therefore be catalytic.
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Figure 4.6 Hydrogen production from photocatalytic MSR (50 ml min™ of 4 mol% CHy,
4 mol% H>0, balance N2) under UV illumination at 973 K over 25 mg of HA-anatase.
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Catalyst was ramped to reaction temperature under flowing reaction gases. a) reaction
rates, b) cumulative hydrogen generation.

4.3.2.2 Impact of Annealing Conditions

Under photocatalytic MSR conditions, anatase showed no activity for hydrogen
evolution without annealing treatment (Figure 4.7). This is consistent with the fact that a
metal cocatalyst like platinum is required to generate Hz from photocatalytic TiO,.1%’
Under identical conditions, HA-anatase shows stable activity for hydrogen evolution,

establishing that annealing is responsible for generating the required active sites.

Comparing hydrogen evolution over HA-anatase to NA-anatase or RA-anatase
shows little impact of which non-oxidizing annealing gas is used (Figure 4.7). Just as was
found for the concentration of defects, such as Ti®* centers, the important factor was
annealing in the absence of oxygen, and little difference could be ascribed to the choice of
oxygen-depleted gas during the annealing process. By contrast, annealing in air was unable
to produce stable photocatalytic activity. While the hydrogen production rate for AA-
anatase was initially comparable to that over the active annealed samples, the activity
dropped to zero within two hours of reaction. As with anatase, AA-anatase lacks high
concentrations of catalytically relevant defects and shows zero steady-state hydrogen
evolution. The source of the initially activity is unclear. Annealing in any gas was found to
increase the concentration of surface hydroxyl species, and these sites may be able to
evolve hydrogen stoichiometrically. Surface hydroxyls on anatase (101) surfaces, in the
form of chemisorbed water molecules, have been shown in DFT calculations to
significantly reduce the activation energy barriers for C-H activation in methane.*® The

reaction produces physisorbed water, but is catalytic in water if the water molecule can be
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activated, regenerating the chemisorbed water surface hydroxyls. If this is the correct
mechanism, then annealing under any gas is able to generate the active surface hydroxyls.
Anatase annealed in air lacks the proper active site to regenerate these surface hydroxyls,
making the reaction stoichiometric. Only samples annealed in hydrogen, nitrogen, or argon

are able to drive the hydrogen evolution reaction catalytically.
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Figure 4.7. Hydrogen production from photocatalytic MSR (100 ml min™ of 4 mol% CHa,
4 mol% H-0, balance N2) under UV illumination at 973 K over 25 mg of catalyst. Catalyst
was ramped to reaction temperature under flowing reaction gases. a) reaction rates, b)
cumulative hydrogen generation.

4.3.2.3 Impact of Illumination Conditions and Role of Ti** Centers

The steady state hydrogen evolution reaction over annealed anatase required
illumination and could not proceed thermocatalytically. Without illumination by UV light,
there was no steady-state hydrogen production observed (Figure 4.8). Hydrogen
productivity was measured for short reaction times but declined rapidly and fell to zero by
one hour of reaction time. The initial activity likely arose from some active sites that
reacted stoichiometrically to yield hydrogen and were consumed within one hour. If the

nature of the hydrogen evolution reactive site is the same under UV illumination and in the
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dark, then the implication is that UV light is responsible for regenerating the active site and

closing the catalytic cycle. Without UV light, the reaction is only stoichiometric.
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Figure 4.8 Hydrogen production from MSR (100 ml min of 4 mol% CHa, 4 mol% H,0,
balance N2) at 973 K over 25 mg of HA-anatase UV illumination and dark reaction without
illumination. Catalyst was ramped to reaction temperature under flowing reaction gases. a)
reaction rates, b) cumulative hydrogen generation.

Reasonable candidates for the active species responsible for hydrogen evolution are
the paramagnetic defect centers detected by EPR that were enriched upon annealing. For
example, Ti®* species were the most abundant defects upon annealing. These Ti* defects
were already distinct from those in ordinary TiO: in that they were stable with respect to
ambient air, while Ti** centers induced by exposure to UHV, e.g. during XPS spectroscopy,
were reoxidized in ambient air. A small amount of Ti*" centers could also be generated
from ambient light photoexcitation, where the photoelectron becomes trapped at a titanium
atom, reducing it from the 4+ to the 3+ oxidation state. It is therefore hypothesized that
under dark reaction, the Ti®* centers were consumed, while UV illumination regenerated
them in the catalytic cycle. This principle is illustrated in Figure 4.A8, where HA-anatase

was illuminated while loaded in the EPR spectrometer, and the spectrum collected during
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UV illumination. The result shows an increase in all paramagnetic defects as a result of

photoexcitation, including a larger concentration of Ti®* centers.

EPR spectroscopy was once again utilized to determine the concentration of
paramagnetic defects in annealed anatase samples after reaction. Figure 4.9 compares the
EPR spectra of HA-anatase before and after MSR reaction conditions with and without
illumination. The concentrations of paramagnetic defects are given in Table 4.2. Compared
to pre-reaction HA-anatase, after reaction in dark conditions 100% of the surface Ti%*
centers (g = 1.89) were consumed and 98% of the bulk Ti%* centers (g = 1.946 + g; = 1.97)
were consumed. F-centers (g = 2.003) were reduced by 86% while trapped holes (g =
1.987) were appeared to increase. These results indicate that trapped holes are unlikely to
be the catalytically active species, as they are still present in significant concentration in

the inactive catalyst following dark reaction.

After reaction under UV illumination, a similar increase in trapped holes was
measured while the concentration of F-centers increased after 8 hours and decreased after
36 hours. As the hydrogen productivity was unchanged at these two different time
coordinates, the changes in in concentration of these defect sites shows that they are not

directly involved in the catalytic cycle.

The Ti®* concentrations after 8 hours and 36 hours of MSR reaction under UV
illumination were quantitatively very similar to one another, with approximately 95% and
94% reductions in bulk and surface Ti%* concentrations respectively. Consequently, the
ratio of bulk to surface Ti** centers was nearly constant as well, and unchanged relative to
the parent sample. The steady-state Ti®* concentrations are consistent with the hydrogen

evolution rates being at steady state as well. The result further suggests that only a fraction
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of the Ti** centers in the annealed samples are responsible for the steady-state catalytic
activity. It should be noted that ex-situ EPR analysis may not reflect the true concentration
surface and bulk Ti** defects at high temperature under reaction conditions. The
concentrations may be different at room temperature or cryogenic EPR temperatures,
especially if bulk/surface Ti%* can react during cooldown from 973 K. The presence of
water, a mild oxidant, during the initial temperature ramp and the cooldown may reduce
the concentration of active Ti** centers compared to the parent HA-anatase sample. It is
clear, however, that water does not impact the Ti®* concentration at the reaction
temperature, since neither the Ti** concentration nor the hydrogen evolution rate changes
between 8 hours and 36 hours of time on stream. Any oxidizing effect of water, if present
must therefore occur at lower temperatures. This effect is further explored in Section 3.2.5,
where HA-anatase was heated to 973 K in nitrogen instead of water-containing reaction

gases prior to MSR reaction.

The EPR measurements demonstrate that the high activity of HA-anatase is derived
from Ti®* sites that are stable under reaction conditions. While some Ti®" sites were
consumed during reaction under UV illumination, the catalytically relevant sites remained
active despite contact with steam at 973 K. The Ti®" sites active for catalyzing

photocatalytic MSR were regenerated under reaction conditions by UV light.
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Figure 4.9 EPR spectra of a) HA-anatase, b) HA-anatase after 8 hr MSR reaction under
UV illumination, ¢) HA-anatase after 36 hr MSR reaction under UV illumination, d) HA-
anatase after 36 hr MSR reaction without illumination, e) HA-anatase calcined to 773 K in

100 ml min* air for 3 hours. MSR conditions for b)-d) 100 ml min™ of 4 mol% CHy, 4
mol% H-0, balance N2, at 973 K over 25 mg of HA-anatase.

To further connect the concentration of Ti%* centers to photocatalytic activity, a
fraction of these sites was removed via oxidation by air at 773 K. By calcining for different
durations, paramagnetic defects associated with reduced metal centers and oxygen
vacancies were healed to varying extent, and a fraction of the photocatalytic activity of
HA-anatase was selectively eliminated. Calcining for 0.5 hours reduced steady state
activity by approximately 25%, and calcining for a total of 3 hours reduced activity by 50%
relative to uncalcined HA-anatase (Figure 4.10). Calcining HA-anatase for 3 hours was
sufficient to remove a majority (97%) of the bulk Ti%* centers, while the concentration of
the surface Ti%* centers remained unchanged (Figure 4.9¢, Table 4.2). This establishes that

oxygen evolution from the lattice is reversible as with other TiO2 materials, but the long-
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term stability in ambient air shows that the process is only reversible at elevated
temperatures. The reduction Ti®* centers in the bulk after three hours of calcination in air
was almost the same as seen in the post-reaction samples which had been ramped in
temperature and cooled down in the presence of steam. The impact on the catalytic activity
for these very different pretreatment conditions was almost the same as well, with only a
factor of two difference in hydrogen evolution rates. These few Ti** centers that persist

after calcination and during reaction conditions were remarkably stable towards oxidizing

conditions.
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Figure 4.10 Hydrogen production from photocatalytic MSR (100 ml min™* of 4 mol% CHy,
4 mol% H>0, balance N2) under UV illumination at 973 K over 25 mg of HA-anatase.
Catalyst was calcined at 773 K in 100 ml min air for 0 hr, 0.5 hr, or 3 hr as indicated.
Catalyst was then ramped to reaction temperature under flowing reaction gases. a) reaction
rates, b) cumulative hydrogen generation.

4.3.2.4 Effect of Reactant Partial pressures

The effect of reactant partial pressures on steady state photocatalytic hydrogen
evolution over hydrogen annealed anatase was investigated. Steady state hydrogen
production was monitored for two hours at methane partial pressures between 0.012 atm

and 0.26 atm while maintaining a constant 0.04 atm of steam. The lowest methane partial
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pressure yielded 0.8 mmolw. hr grio2™, and rate increased linearly as the methane partial
pressure was increased up to 0.26 atm (Figure 4.11a). The effect of steam partial pressure
between 0.04 atm to 0.105 atm was measured at two different partial pressures of methane
(0.035 atm and 0.085 atm) (Figure 4.11b). The hydrogen production rate was essentially

independent of the water partial pressure.

The zero-order rate dependence on water partial pressure indicates that the catalyst
surface is saturated in water during reaction conditions, and water adsorption rate-limiting.
This is consistent with the large surface hydroxyl concentration measured by XPS. As
discussed in Section 4.3.2.2, water activation to regenerate surface hydroxyls may be a
more Kinetically relevant step, with high-defect samples able to activate physisorbed water
while low-defect samples cannot. In this case, the concentration of defects, and not the
surface concentration of physisorbed water molecules, would be kinetically relevant under
relevant reaction conditions. This is consistent with zero-order dependence on water

pressure.

A non-zero partial pressure for methane was expected, as methane is expected to
interact only weakly with the anatase surface. Methane C-H activation is a difficult
reaction, and dissociative methane adsorption is predicted to have a high activation energy
barrier on anatase, even when assisted by active surface hydroxyls.}*® A first-order
dependence on methane partial pressure is consistent with kinetically rate-limiting methane

activation.

Commercial MSR is operated at a steam/methane ratio of four to prevent the
formation of coke. Lower steam/methane ratios are associated with higher risk of coke

formation, leading to catalyst deactiviation, with the catalytic metal nanoparticles,
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especially nickel, being responsible for the coke formation. Coke formation was not
observed at all in the photocatalytic experiments with steam/methane ratio of as low as 0.4.

Smaller steam/methane ratios of 0.2-0.3 did lead to some gray discoloration of the catalyst.
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Figure 4.11 Hydrogen production from photocatalytic MSR under UV illumination at 973
K over 25 mg of HA-anatase. Catalyst was ramped to reaction temperature under flowing
reaction gases. 50 ml min of a) Pr2o = 0.045 atm, varying Pcra, balance N2, and b) Pcra
= 0.035 atm and 0.085 atm as indicated, varying P20, balance N.

4.3.2.5 Impact of Atmosphere during Temperature Ramp

The reaction rates reported above were measured after catalysts were ramped to the
reaction temperature under reaction gases. This means that the samples were thermally
treated up to 973 K in the presence of water, a mildly oxidizing gas, while maintaining
activity and without removing all the defect sites. Thermal treatment in oxygen was found
to remove defects and reduce activity. The effect of thermal treatment without any
oxidizing gas during the initial temperature ramp was investigated by flowing 20 ml min-
of nitrogen over the catalyst in place of the reaction gases until 973 K, and then switching
to methane/steam/nitrogen flow once the desired reaction temperature was reached. By

heating in an inert gas, the concentration of Ti*" centers is expected to increase, as
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mentioned in section 4.1, but whether these would be stable defects like those generated
from annealing or unstable defects like those generated from vacuum treatment was

explored.

The activity of HA-anatase heated to reaction temperature under N2 gas is shown
in Figure 4.12. Under UV illumination, an initially high activity declined over four hours
of reaction and leveled out at a steady-state hydrogen production rate of about 25% of the
initial value. The majority of the additional Ti** centers generated by thermal treatment in
N2 were consumed during this initial transient, giving rise to stoichiometric H> production
at short reaction times. Approximately 10 mmolw2 grio2™* were generated stoichiometrically
in this way. After the initial transient, only those stable Ti** centers generated from
annealing remained, and the hydrogen generation rate remained stable for over 30 hours.
The steady-state hydrogen evolution rate of 3.4 mmol hr? grio.™ was higher than that seen
in samples heated to reaction temperature under reactant gases containing water, providing
further evidence that some fraction of active Ti** centers are oxidized and lost at

temperatures below 973 K when heated in the presence of steam.

Thermal treatment under N2 prior to reaction also increased the hydrogen yield from
reaction carried out without illumination, but once again the reaction was stoichiometric
rather than catalytic. The rate of stoichiometric hydrogen evolution was much slower than
under UV illumination, requiring 12 hours to fully consume the Ti** centers, though the
total amount of hydrogen formed was the same under UV and dark reaction conditions,

approximately 10 mmoluz grio2.

The formation of Ti** centers during thermal in N2 is expected for many anatase

samples. However, the ability to form hydrogen from such defects was unique to annealed
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anatase. While these additional defects formed H. stoichiometrically, anatase (without
annealing) heated to reaction temperature under N2 was still completely inactive for
hydrogen evolutions, both catalytically and stoichiometrically. The required active sites for
hydrogen evolution from anatase are generated only by annealing, and inducing Ti®*

defects from heating in N2 was not sufficient.
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Figure 4.12 Hydrogen production from photocatalytic MSR (50 ml min of 4 mol% CHa,
4 mol% H-0, balance N2) under UV illumination (red) and dark (blue) conditions at 973
K over 25 mg of HA-anatase, and over anatase (black). Catalyst was ramped to reaction
temperature under flowing N». a) reaction rates, b) cumulative hydrogen generation.

4.3.2.6 Proposed Reaction Mechanism

Annealing anatase in the absence of oxygen was found to effect surface structure,
greatly enhancing the concentration of surface hydroxyls, and generated several types of
paramagnetic defects. Together, these surface and defect sites imparted the unique ability
to photocatalytically generate hydrogen from methane steam reforming to metal-free
anatase particles. The concentrations of paramagnetic defects were influenced by
pretreatment and reaction conditions, and only the changes in Ti®** defects were consistent

with the changes in hydrogen evolution rates, strongly implicating them in the catalytic
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cycle. Without UV illumination, reaction was stoichiometric only (Reaction 4.1). A similar
stoichiometric reaction was found from unstable Ti®* defects generated under thermal

treatment in Na.
Ti3* + HY > Ti** +H, 4.1)
2

UV light was shown to generate Ti®* centers, suggesting that photoexcitation is required to

regenerate the active species (Reactions 4.2-4.3).
TiO, + hv > h* + e~ 4.2)
Ti** + e~ - Ti3* (4.3)

From prior computational work, water, in the form of chemisorbed surface hydroxyls, is
implicated in the methane activation mechanism.**® With photoexcitation holes, this

process generates protons and closes the catalytic cycle (Reaction 4.4).1%°
CH, + h* - CH5- + H (4.4)
4.4 Conclusions

Annealing anatase TiO2 in the absence of oxygen produced an active UV
photocatalyst for hydrogen generation from methane steam reforming. The annealing
process imparted metal-free hydrogen evolution activity to anatase. The latter is normally
not possible without precious metal cocatalysts. Together, increased concentrations of
surface hydroxyls and Ti®* defects formed the active site required for hydrogen evolution.
These Ti®* sites possessed unusual properties, including high stability towards oxidation
under air exposure and methane steam reforming reaction conditions. Ordinary Ti%* sites

were only capable of stoichiometric hydrogen evolution, and the unique Ti%* centers from
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annealing were responsible for catalytic hydrogen evolution. Without UV light, these sites

were quickly consumed, as photoexcitation was essential for regenerating them.
4.A Appendix
4.A.1 Optical Property Characterization

Absolute  reflectance of samples were measured via UV-Visible
Spectrophotometry. The DPR method calculates the direct BGE with a much higher

accuracy than the Tauc? method. Where in DPR analyzes the first derivative of the absolute
reflectance dc% with respect to wavelength is fit with a Gaussian peak using a peak fitting

software, Fityk. The band gap energy is the peak center, where the energy is obtained from
the wavelength by multiplying Planck’s constant, h, by the speed of light, c, and dividing
by the wavelength, 1. The absorbance of each catalyst across the range of 200 nm to 800
nm is determined via measuring the diffuse reflectance and then converting to Kubelka-

Munk units (KMU), arbitrary units analogous to absorbance for diffusely reflected

_ 2
samples, F(R,,) = KMU = %.
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Figure 4.A1 Diffuse-reflectance UV-visible spectra of samples in a) absolute reflectance
and b) Kubelka-Munk units F(R).
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KMU values are normalized to the maximum value of each spectrum and plotted
against wavelength. A comparison of the normalized KMU shown in Figure 4.A1 reveals
that annealed samples appear optically similar to the parent sample, with a negligible

change in the onset of absorbance and a slight decrease in the normalized KMU in the UV

region (200-325 nm).
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Figure 4.A2 Calculation of BGE using DPR method. Peak-center position of Gaussian
curve (blue) fitted to the derivative of the reflectance spectrum (black) gives the BGE

value.
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The Tauc? method for determining indirect band gap energies was used where the
x-intercept of then tangent line to the square root of [F(R)*E(4)] gives the indirect BGE,

F(R) is the Kubelka Munk function and E(Z) is the photon energy.
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Figure 4.A3 Calculation of BGE using Tauc'?method. x-intercept of tangent line indicates
BGE value.
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Figure 4.A4 XPS analysis of valence band position of a) anatase, b) AA-anatase, c) RA-
anatase, d) NA-anatase, €) HA-anatase. x-intercept of tangent line indicates valence band

energy.
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4.A.2 Ti2p XPS Spectra
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Figure 4.A5 Ti2p XPS spectra with titanium in different environments: Ti2p1/2 (464.7 eV)
and Ti2pai2 (464.7 eV) in Ti*" state, Ti2ps. in Ti** state (457.0 eV).
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4.A.3 Nitrogen Analysis by XPS and CHN Elemental Analysis

Analysis of the Nis region: 395 eV to 410 eV and CHN analysis indicate that there

were no nitrogen atoms present in the TiO> lattice following annealing in nitrogen gas.

a) N1s region of N1s scan for NA-anatase
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b) N1s region of survey scan for AA-anatase
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Figure 4.A6 XPS Nys spectrum showing no nitrogen in either NA-anatase nor AA-anatase.
a) NA-anatase, 20 scans, 3m 1.0 s 200 m, CAE 50.0 0.10eV. (b) AA-antase, 2 scans, 2 m
16.1s 200 um, CAE 200.0, 1.0 eV.



Table 4.A1 CHN analysis (BD indicates below detection of the instrument)

Sample %C %H %N
Anatase BD BD BD
HA-Anatase 0.041 BD BD
NA-Anatase 0.064 BD BD
RA-Anatase 0.029 BD BD

4.A.4 Phase Purity of HA-Anatase Following Reaction
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Figure 4.A7 In situ DPR of HA-Anatase before (black and after (blue) 36 hr of MSR
reaction conditions. Single gaussian curve fit to data indicate a anatase phase, and no rutile

phase present.

4.A.5 lllumination During EPR Spectroscopy and Photogeneration of Ti®* Centers

The regeneration of Ti* centers in TiO2 upon UV illumination is further supported

via EPR analysis of samples irradiated with UV light. Figure 4.A8 shows the difference

spectra of a sample irradiated for 1 minute prior to the EPR scan as well as during the scan,

under UV irradiation in the EPR sample compartment minus the original EPR spectra of

the sample without illumination.
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Though the spectra before and after UV illumination look similar, the difference
spectra allows for the ability to detect the minute increase in Ti** centers and oxygen with
a trapped hole generated via the proposed mechanism (Equation 4.1 and 4.4) upon UV
illumination. Thus suggesting an increase in catalyst longevity under UV illumination

compared to dark reactions.
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Figure 4.A8 EPR difference spectrum of HA-anatase before and after UV illumination.
[llumination increased concentrations of all paramagnetic defects, F-center (g=2.003),
oxygen with trapped hole (g=1.987), and bulk Ti®** center (gj=1.97, g1=1.946). While the
impact on trapped holes was larger, the concentration of bulk Ti** centers also increased
following illumination.
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Chapter 5: Enhanced Photocatalytic Hydrogen Production over Nickel-supported
Anatase

5.1 Introduction

The majority of hydrogen is produced commercially from unsustainable and
unrenewable resources including the steam reforming of fossil fuel derived methane
(MSR),®+152 which is an endothermic endergonic reaction needing to be run at high
temperatures. Often these reactions are run at a steam to methane ratio of 4 to avoid coking,
though such large volumes of steam are improbable when considering point source MSR.
Thus it is important to develop catalysts that can function at lower steam to methane ratios.
This work focuses on the development of UV photo-active titania-based catalysts with
supported nickel cocatalysts that use photo-derived energetic electrons to overcome the
high free energy of MSR while increasing the production of hydrogen from MSR allowing
for greener energy production with minimal environmental impact.

When a semiconductor is irradiated by a photon with energy greater than or equal
to the semiconductor BGE an electron is excited from the valence band (VB) to the
conduction band (CB) leaving behind a positively charged hole (h*). Once an electron-hole
pair is formed, the excitons may move throughout the particle and migrate to the TiO>
surface where the oxidation/reduction reaction may occur. However, if the two excitons
are in close proximity, the electron and hole may recombine leading to no net benefit from
the original photoexcitation event. The rate of surface recombination therefore competes
with surface reaction. One common solution to both reduce the rate of recombination and
increase the rate of surface reaction is to support cocatalyst metal nanoparticles on the

surface of the semiconductor. The addition of metal cocatalysts also aid in hydrogen
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production from MSR as pure TiO2 is generally inactive for hydrogen production over
TiO2.1° Though it has been demonstrated that high pressure high temperature annealed
TiO> is able to photocatalytically evolve hydrogen during MSR.**3 Nickel metal has been
chosen as the supported metal cocatalyst on both commercial anatase and annealed anatase
due to the commercial use of nickel in MSR as well as its abundance compared to other
cocatalytic metals (such as platinum).

Electron Paramagnetic Resonance (EPR) has been used to investigate the presence
and concentration of defects in nickel supported and annealed anatase. EPR identifies
multiple paramagnetic defect structures in the annealed and nickel supported TiOo,
including paramagnetic nickel,*>* holes trapped at O atoms (O°), electrons trapped at
oxygen vacancies (F-centers), and Ti®* centers in bulk and surface lattice positions, as
reported in chapter 4. In this paper, the effect of illumination condition on the most
promising annealed nickel on anatase photocatalysts was investigated under dark, UV
illumination conditions at a steam to methane ratio of 0.8.

5.2. Materials and Methods
5.2.1 Sample Preparation

As received anatase TiO2 (Acros Organics, #213581000, 98+% anatase) was
calcined in a in a Thermo Scientific Lindberg Blue tube furnace equipped with multi-step
ramp-soak program functionality. Samples were calcined at 773 K for 3 hours with a ramp
rate of 2 K min™! under a flow of 100 ml min! air. 1-wt% Ni(O)/TiO2 was synthesized via
incipient wetness impregnation (IW1). Nickel(Il) Nitrate (Acros Organics) was dissolved
in a known amount of DI water and added dropwise to the TiO2 support the sample was

then dried in an oven at 373 K for 24 hours and subsequently calcined under the same



110

conditions as the initial support. High-pressure, high-temperature annealing was carried
out under 18 atm of hydrogen at 473 K for 5 days, via the methods described by the Celik
group.t® Table 5.1 indicates the sample naming convention.
5.2.2 Diffuse Reflectance UV-Visible Spectroscopy

Diffuse reflectance UV-visible spectroscopy was carried out in a Thermo Scientific
Evolution 3000 spectrophotometer equipped with a Harrick Scientific Praying Mantis
diffuse reflectance accessory. A Spectralon disk was used as the absolute reflectance
standard. Band gap energies were calculated using the Tauc and DPR® methods. Peak
fitting was performed using fityk software, first mentioned in section 3.2.
5.2.3 X-Ray Powder Diffraction

X-ray powder diffraction (XRD) patterns were collected on a PANalytical Philips
X’Pert X-ray diffractometer equipped with a Cu-Ka source at 40 kV and 40 mA with a
0.026° step and angular incidence 26 between 20° and 80°. PDF# 01-073-1764 and PDF#
01-078-1510 were used to determine polymorph for anatase and rutile, respectively.
Crystallite size was determined during WPF refinement while removing instrumental
contribution.
5.2.4 Electron Paramagnetic Resonance

As previously discussed in chapter 4, X-band Electron Paramagnetic Resonance
Spectroscopy (EPR) was performed on a Bruker Elexsys E 500 equipped with a single
microwave cavity with an X-band bridge operating at 9.2-9.9 GHz with a microwave power
of 40 bB. EPR spectra were recorded in 4 mm Wilmad EPR tubes at 12 K. The spin counts
were calibrated using a CuSOs crystal suspended in mineral oil.

5.2.6 Photocatalytic Reactions
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Gas-phase heterogeneous photocatalytic MSR reactions were carried out in a
Harrick Scientific Praying Mantis high temperature reaction chamber illuminated by a
Newport 150W xenon ozone-free Arc Lamp equipped with a dichroic mirror beamturner
reflector and colored glass bandpass filter were used to restrict illumination to 280 nm and
400 nm. The gas-phase reaction mixture consisted of methane, nitrogen, and water vapor,
supplied via nitrogen carrier gas through a DI water bubbler heated to 313 K. The catalyst
was heated to the first reaction temperature of 473 K at a ramp rate of 5 K min*! with
constant 50 ml min! flow of reactant gases: 6 mol% methane, 5 mol% water, and balance
nitrogen. 45 mg of fresh catalyst was used for each reaction. The reaction was held for 1.5
hr at each temperature between 473 K and 973 K in increments of 100 K to test
photocatalytic activity at lower temperatures. An in line Agilent 7890b GC equipped with
a flame ionization detector and a thermal conductivity detector was used to monitor
reaction products while an Agilent 5977a GCMS equipped with a mass-selective detector
was used to quantify coke formation post reaction. Hydrogen and CO> were the major
gaseous products detected.

5.3. Results and Discussion
5.3.1 Characterization
5.3.1.1 Sample Preparation and UV-Visible Spectroscopy

The order in which the nickel was supported on the samples in relation to hydrogen
annealing effected the samples absorption of visible light, as seen by a darkening of color
(Figure 5.A1). The color change evident in the diffuse-reflectance UV-visible spectra,
Figure 5.1, noted by an increase in visible light absorption. However this increase in visible

light absorption did not yield a change in the band gap energy (BGE), Table 5.2. BGE



112

values calculated via the DPR method (Figure 5.A2) and the Tauc method (Figure 5.A3)
showed minor variation in the BGE of anatase upon annealing and supporting nickel.
Samples denoted in Table 5.1.

Table 5.1 Naming convention and order of operations for nickel supported and annealed

anatase samples. Step 1 is first step. Steps follow linearly until last step for sample
Nickel

Sample Calcined Supported Annealed
anatase 1 -- -
Ni(O)/anatase 1,3 2 -
HA-anatase 1 -- 2
HA-Ni(O)/anatase 1,3 2 4

—— Anatase
— —— HA-anatase
g Ni(O)/anatase
~ —— HA-Ni(O)/anatase
3
LL
°©
()
N
©
S
@)
1L

250 375 500 625 750
Wavelength (nm)
Figure 5.1 Diffuse-reflectance UV-visible spectra of samples in Kubelka-Munk units F(R)

show increasing visible light absorption with nickel on anatase (Ni(O)/anatase, yellow),
annealed nickel anatase (HA-Ni(O)/anatase, green) compared to anatase (black) and HA-
anatase (red).

Each KMU value is normalized to the maximum value of its spectrum and plotted

against wavelength. A comparison of the normalized KMU shown in Figure 5.1 reveals

that samples containing nickel metal have a greater visible light absorbance with a
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negligible change in the onset of absorbance and a slight change in the normalized KMU
in the UV region (200-325 nm).
Table 5.2 Physical and optical properties of nickel supported and annealed anatase

samples. Particle size estimated by XRD, surface area from 11-point BET, band gap energy
calculated from Tauc and DPR methods.

Tauc” BGE DPR (dR»/d\) BGE
Sample [eV] [eV]

Anatase NiO Ni(OH)2
anatase 3.22 3.31 -- --
Ni(O)/anatase 3.25 3.31 3.54 3.17
HA-anatase 3.26 3.31 -- --
HA-Ni(O)/anatase 3.22 3.36 3.55 3.14

DPR is employed to reveal the presence of metal oxide polymorphs with different
band gap energies. All samples were fit with a single anatase peak and no rutile was found
during peak-fitting (Figure 5.A1).1*® While DPR was able to detect a second metal oxide
with a peak centered at 3.53 eV in samples containing 1wt% nickel (Figure 5.Alc-h), and
a third peak corresponding to nickel hydroxide centered around 3.15 eV**® for Ni(O)
samples that were not reduced and passivated. The difference between the NiO and
Ni(OH). BGE is roughly 0.38 eV which corresponds well to the difference between the
two band gaps of nanostructured nickel oxide and nickel hydroxide.*®" Nickel samples that
had not been reduced and passivated showed a larger intensity of the peak attributed to
nickel oxide.
5.3.1.2 Electron Paramagnetic Resonance Spectroscopy

The concentration of Ti®" centers was investigated via Electron Paramagnetic
Resonance Spectroscopy (EPR) conducted at ambient pressure and low temperature. The
EPR spectra of the parent anatase sample and all nickel supported and annealed samples

are shown in Figure 5.2. For all spectra, five features could be identified: F-centers
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(9=2.003), O (g=1.987), bulk Ti** (gj=1.97, g+=1.946) and surface Ti*" (g=1.89). EPR
assignments agree with previous reports**® Concentration of paramagnetic species are

shown in Table 5.2.
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Figure 5.2 EPR spectra of a) anatase, b) Ni(O)/anatase, c) HA-anatase, and d) HA-
Ni(O)/anatase. Peaks labelled for F-center (g = 2.003), oxygen with trapped hole (g =
1.987), bulk Ti** (g;=1.97, gL = 1.946), and surface Ti** (g = 1.89).

Minimal signal for Ni was seen at g = 2.17 in HA-Ni(O)/anatase but not in
Ni(O)/anatase. This signal lies in the range for various Ni species, and most closely
agrees with the reported g-value for Ni*.?5%8 The concentration of various paramagnetic
species are reported in Table 5.3. The amount of bulk and surface Ti%* appear to be
reduced when nickel is supported on the TiO2, however, nickel on the sample may be
altering the signal as nickel of a sufficiently small size is expected to exhibit
superparamagnetism and dominate the magnetic properties of the spectra as the particle
size of nickel metal and nickel oxide decreases to the nanometer scale due to the increase

in the surface to volume ratio, and therefore increase in surface spins.>#158 Alternatively,
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the presence of Ni(O) in the annealing vessel may consume some of the reducing gas,
therefore decreasing the partial pressure of the annealing environment and therefore
decrease the extent of Ti** centers produced, though the signal of Ni(O)/anatase and HA-
Ni(O)/anatase are quite similar, which advocates for the first hypothesis.

Table 5.3 Concentration in (nmol grioz™*) of paramagnetic defects in samples measured by

EPR spin counting, including bulk and surface Ti®* centers, F-Centers, and O centers. Spin
counts determined with standard reference CuSOa.

Sample Bulk Ti** Surface Ti** F-Center O
anatase 55 1.7 0.4 1.3
Ni(O)/anatase 14 0 2.4 4.7
HA-anatase 326 13 2.1 3.8
HA-Ni(O)/anatase 17 6.2 2.7 1.8

3.2 Photocatalytic Activity
3.2.1 Photocatalyst Stability

All reported reaction rates were measured between 773 K and 973 K in increments
of 100 K. The reaction was allowed to reach steady state by being held for 1 hour at every
100 K increment. Catalyst was exposed to reaction gases while ramping to reaction
temperature. Under UV illumination anatase, without annealing treatment or supported
nickel, shows no photocatalytic activity towards hydrogen generation, while annealed
anatase (HA-anatase) showed moderate metal-free hydrogen production at 973 K. The
anatase polymorph of TiO2 converts to the rutile polymorph at high temperatures. As
discussed in section 3.3, during calcination, rutilization begins between 673 K and 873 K,
depending on the sample.?® XRD of select samples (Figure 5.A4) post reaction indicate
no change in polymorph post reaction. Changes in particle shape and exposed facets of the

anatase crystallites has been associated with stabilization of the anatase phase at high
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temperature,'®® suggesting that both the supporting nickel as well as the annealing process

stabilized the anatase phase.
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Figure 5.3 Photocatalytic MSR (50 ml min' of 5 mol% CHa, 4 mol% H0, balance N3)
under UV illumination over 45 mg of sample) b) methane consumption rate, b) hydrogen
production rate. Catalyst was ramped to reaction temperature under flowing reaction gases.
The addition of nickel on the TiO> support prior to annealing increases the methane
conversion over the tested temperature range, suggesting that the supported nickel oxide
aids in C-H activation. Additionally, the catalysts containing nickel are able to evolve
hydrogen at lower temperatures, and at 973 K the hydrogen evolution over HA-
Ni(O)/anatase is 6 time that of nickel supported on anatase and 12 times that of metal-free
HA-anatase, suggesting a synergistic effect between the two main active cites for hydrogen
evolution: the Ti%* centers in the HA-anatase and the nickel nanoparticles. However, this
also suggests that if the supported nickel had been reduced prior to reaction such that a
majority of the nickel is in the metallic phase a higher activity may have been achieved.
Without illumination by UV light, there was a noticeable decline in C-H activation
and hydrogen formation at increased temperature over HA-Ni(O)/anatase. This decline in

activity is related to coking of the sample in the dark, as detected by the sample color
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changing from gray to black. Whereas minimal coking occurred during steady state
hydrogen evolution over HA-Ni(O)/anatase under UV illumination and the catalyst
maintained activity and original color.
4. Conclusions

The combination of a nickel cocatalyst with a high concentration of unique Ti*
defect sites generated during annealing catalyze hydrogen evolution from MSR, precious
metal cocatalysts are avoided. This work shows that the implementation of nickel
supported on defect-rich anatase TiO> for highly stable photocatalytic hydrogen evolution
from MSR with a major reduction in coking at low steam to carbon ratios due to the
regeneration of the Ti* upon illumination preventing coke accumulation on the nickel
cocatalyst under UV irradiation.
5.4. Appendix

5.A1 Band Gap Measurements
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Figure 5.A1 Calculation of BGE using DPR method. Peak-center position of Gaussian
curve for anatase TiO: (blue), nickel oxide (red), and nickel hydroxide (orange) fitted to
the derivative of the reflectance spectrum (black) for a) anatase, b) HA-anatase, c)
Ni(O)/anatase, d) HA-Ni(O)/anatase.

The Tauc'? method for determining indirect band gap energies was used where
the x-intercept of then tangent line to the square root of [F(R)*E(4)] gives the indirect

BGE, F(R) is the Kubelka Munk function and E(4) is the photon energy.
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Figure 5.A2 Calculation of BGE using Tauc?method. x-intercept of tangent line
indicates BGE value for a) anatase, b) HA-anatase, ¢) Ni(O)/anatase, d) HA-
Ni(O)/anatase.

5.A2 Phase Purity of HA-Anatase Following Reaction

——HA-Ni(O)/Anatase Post UV MSR
Ni(O)/Anatase Post UV MSR
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Figure 5.A3 XRD of post UV MSR samples: HA-Ni(O)/Anatase (blue), and
Ni(O)/Anatase (green) compared to as received anatase (gray), indicating anatase phase,
and no rutile phase present post reaction at 973 K.
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The X-ray powder diffraction patterns of the nickel supported and annealed samples
compared to the parent anatase material show that the anatase polymorph is maintained,
Figure 5.A3. As the nickel loading is below the limit of XRD no metallic nickel

nanoparticles or nickel oxide nanoparticles are noted in the XRD patterns.
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Chapter 6: Properties and Photocatalytic Application of Low Pressure Flame
Synthesized Anatase TiO:

6.1 Introduction

Titanium dioxide (TiO2) is an effective photocatalyst; stable under reaction
conditions and photoactive in the ultraviolet spectrum. The anatase phase of TiO: is
especially favored for photocatalytic applications due to the high mobility of excitons.>®
The two most commonly occurring phases of TiO> are rutile, and anatase, with anatase
being the phase of interest in this study due to its high surface area and increased exciton
transport: charge carriers excited in the bulk are able to reach the surface to effect surface
reaction, with maximum thickness of 2.5 nm and 5 nm for rutile and anatase particles
respectively, as discussed in chapter 1.

Flame synthesis is well-known as a technique that can control physical and
chemical properties of particles. It has received attention due to its scalability, low cost,
high throughput capabilities'®® as well as its ability to control various parameters such as
particle size, crystallinity, and phase purity.'®* The implementation of low pressure flame
synthesis using premixed flames has been investigated for the synthesis of TiO2,%2 Si0,,1%%
among others. Employing a burner-stabilized premixed stagnation flat flame (SFF)6:164
at 20 torr small nanoparticles (~7nm) of carbon doped TiO> are produced from TTiP. The
small particle size allows for a more efficient use of the excitons from within the bulk.
Carbon doping of TiO2 via various methods has been an area of interest over the last
decade.!® Both experimental and computational work has analyzed the feasibility and

activity of nonmetal doped TiO,.1¢61¢7
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6.2 Materials and Methods
6.2.1 Sample Preparation

Low pressure flame synthesis was conducted in the synthesis apparatus used in
previous work by the Tse group.'®? The liquid precursor, titanium tetra-iso-propoxide
(TTIiP), is entrained in the hydrogen carrier gas via a bubbler heated to 358 K. The seeded
carrier gas is then combined with the nitrogen, and oxygen to form an axi-symmetric,
stagnation-point mixed flame with a composition of 1:1.21:0.74 H2:02:N. with a linear
flow through the burner of 250 cm s for a precursor loading rate of 3.87E-2 mol s, All
manifold lines are heated to 383 K. TiO2 nanoparticles are collected from the substrate
collection plate cooled to 277 K. The walls of the combustion chamber were continuously
cooled to maintain a temperature of 277 K.
6.2.2 Surface Area Analysis

Multi-point BET surface area and pore analysis were conducted by nitrogen
physisorption at 77 K with a Quantachrome Autosorbl. Pore diameter and volume were
measured via NLDFT equilibrium physisorption at 77 K with nitrogen as the adsorbent and
silica as the oxygen model.
6.2.3 X-Ray Powder Diffraction

X-ray powder diffraction (XRD) patterns were collected on a PANalytical Philips
X’Pert X-ray diffractometer equipped with a Cu-Ka source at 40 kV and 40 mA with a
0.026° step and angular incidence 26 between 20° and 80°. PDF# 01-073-1764 and PDF#
01-078-1510 were used to determine polymorph for anatase and rutile, respectively.
Crystallite size was determined during WPF refinement while removing instrumental

contribution.
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6.2.3 CHN Elemental Analysis

Carbon-Hydrogen-Nitrogen (CHN) Elemental analysis was conducted on a Carlo
Erba NA-1500 Analyzer, as mentioned in section 4.2. Samples were massed in small
aluminum cups and combusted at 1773 K to yield quantification of Carbon with high
accuracy, +0.003 wt%.
6.2.4 Diffuse Reflectance UV-Visible Spectroscopy

Diffuse Reflectance UV-Visible Spectroscopy was measured using a Harrick
Scientific Praying Mantis Diffuse Reflectance Accessory mounted in a Thermo Fisher
Evolution 300 UV Visible Spectrophotometer. Band Gap energies were obtained from the
Tauc method and the DPR methods, as mentioned in section 3.2.
6.2.4 Electron Paramagnetic Resonance

X-band Electron Paramagnetic Resonance Spectroscopy (EPR) was performed on
a Bruker Elexsys E 500 equipped with a single microwave cavity with an X-band bridge
operating at 9.2-9.9 GHz with a microwave power of 40 bB, section 4.2. EPR spectra were
recorded at 12 K. The spin counts were calibrated using a CuSOs crystal suspended in
mineral oil.
6.2.5 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) was measured under UHV using a
Thermo Fisher K-Alpha XPS instrument equipped with a monochromatic Al Ka line with
photon energy of 1486.7 eV. As discussed in chapter 4, the estimated analysis depth in this
geometry is about 10 nm. Spectra were deconvoluted using the method described by

Nesbitt and Banerjee to obtain a quantifiable near-surface titanium oxidation state and
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carbon and oxygen environment. All reported binding energies are in reference to the C1s
peak at 285.0 eV.
6.2.6 Electron Microscopy

Annular Dark Field imaging using an aberration-corrected-STEM was performed
with a Nion UltraSTEM using a ~1 A probe at 60 kV. Annular Dark Field imaging using
a Jeol 2010F TEM at 200 kV. Scanning Electron Micrographs were obtained from a
Nanoscience Instruments Phenom ProX SEM operating at 10 kV whereas EDS scans were
run at 15 keV for maximum sensitivity.
6.2.7 Photocatalytic Water Reduction

Photocatalytic activity of the samples was tested via batch phase water reduction
with methanol as a sacrificial agent.'®® The reaction was carried out in a 25 ml glass reactor
at 293 K. 3 mg of fresh catalyst was dispersed in 10 ml of 20% methanol in DI water via
sonication. The sample was illuminated with a Newport 150W Xenon Ozone-free Arc
Lamp under UV illumination. UV cutoffs of 280 nm — 400 nm were achieved via dichroic
mirror beamturner assembly and glass bandpass filter. A 300 pL aliquot of the reactor
headspace gas was injected into the thermal conductivity detector of an Agilent 7890B GC

to monitor the hydrogen production rate.

6.3 Results and Discussion
6.3.1 Characterization
6.3.1.1 Sample Polymorph Analysis

All characterizations and analyses were compared to commercial anatase TiO>
(Acros Organics, #213581000). The low pressure flame synthesized samples were

determined by XRD to be anatase phase with a crystallite size of 7 nm, Figure 6.1. Upon
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calcination under 100 ml min* air to 673 K the crystallinity is maintained while the

crystallite size increased slightly to 8 nm.
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Figure 6.1 XRD powder diffraction patterns of analyzed samples: Anatase (black), LPF-

A (blue), and LPF-A400 (green).

6.3.1.1 Surface Area and Porosimetry Analysis

Surface area of the as synthesized anatase TiO, was 22 times larger (187 m? g%)

than commercial anatase (8.54 m? g*) and 2.6 times larger than commercial P25 (71.2 m?

gl), Table 6.1. Upon calcination particle size increases while surface area decreases to a

value of 177 m? g* and 149 m? g* for LPF-A calcined to 673 K and 773 K, respectively.

The isotherms (Figure 6.A2) for flame synthesized samples show a hysteresis indicating

porosity.
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Table 6.1 Physical and optical properties of low pressure flame synthesized anatase
samples. Sample preparation, particle size estimated by XRD, surface area from 7-point
BET, mean pore volume and mode pore width determined by NLDFT equilibrium mode
physisorption analysis, and band gap energy calculated from Tauc and DPR methods.

Particle Surface Mean AVg. Taucl? DPR
Pore Pore

i i7nd b
Sample Calcined size Area Volume  Width BGE BGE

(m) (iY@ @)
Anatase - 26.5 8.5 0.042 NA 3.22 3.31
P25 - 31.0 71.2 0.258 27.7 3.27 3.33,3.13°
LPF-A - 7.2 187 0.503 12.8 3.37 3.27,3.18¢
LPF-A400 673 K 8.0 177 0.627 27.1 3.23  3.27,3.18¢
LPF-A500 773 K 8.5 149 0.918 54.1 3.23  3.25,3.12¢

3 Apparent crystallite size from whole pattern fitting Rietveld refinement

b) C-values for BET of samples: anatase: 149.9, P25: 71.5, LPF-A: 123.6, LPF-A400:
112.2, LPF-A500: 104.2.

° BGE of rutile TiO2

9 BGE of semiconductor effected by carbon doping of sample, as no rutile is seen in the
sample via XRD.

3
Anatase
P25
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Figure 6.2 Pore size distribution for commercial anatase (black), P25 (yellow), LPF-A
(blue), LPF-A400 (green), and LPF-A500 (red).
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As the sample is calcined the pore width and mean pore volume increases, Table
6.1. High surface area, small particle size, and mesoporosity (Figure 6.2) may all aid in
photocatalytic efficiency of the flame synthesized sample. STEM (Figure 6.3) reveals that
the as synthesized particles are not mesoporous, but that the mesoporosity is a result of the
space between the intimate contact between primary particles that are fused during

synthesis in the flame regime as well as quenching on the substrate plate.
6.3.1.5 Microscopy

TEM (Figure S4) and STEM (Figure 6.3) were employed to confirm particle size

as well as investigate particle crystallinity and mesoporosity.

a)

Figure 6.3 High Resolution STEM Image of low prsur flame synthesized carbon dopéd
anatase (LPF-A) a) single particle over vacuum space with 2 nm scale, and b) increased
resolution of particle lattice fringes with 0.5 nm scale.

Since the TiO2 precursor contains carbon, CHN analysis was used to determine
carbon content. The as synthesized particle is 1.15 % carbon by mass, Table 6.Al. The as
synthesized particles are crystalline throughout and not a carbon-titania core shell structure,

as seen by the lattice fringes from center to edge of the nanoparticle (Figure 6.3 and Figure
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6.A4). STEM shows evidence for interstitial carbon doping; roughly 15% of the lattice
spacing have a 0.04 nm increase in distance from Ti center to Ti center with an average
distance of 0.289 nm (S1), which may be preferential for heterogeneous photocatalysis over

TiO..

Analysis of micrographs from Jeol 2010F Transmission Electron Microscope of
LPF-A confirmed an average particle size of 7.2 nm, Figure 6.4. During synthesis the
primary particles fuse during quenching on the substrate plate. This process creates a
network of primary particles with void space (pores), as seen in Figure 6.4. The average
and mode diameters of the pores seen in the TEM micrographs are in agreement with the

values determined via porosimetry where the average pore width is about 12-15 nm.

20hm ‘A ' y/ ) 4 10 b J! )

P

Figue 6.4 E microrahs of LP-A depicting a network of Tiz rimary ricles
and the pores/void space within the network. The interface between the primary particles
and the void space is marked in red with a scale of a) 20 nm and b) 10 nm.

6.3.1.3 X-ray Photoelectron Spectroscopy

The chemical environments of surface and near-surface oxygen, carbon, and

titanium atoms in as synthesized LPF-A were analyzed by XPS. The O1s signal of oxygen
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atoms in surface environments were fit with three peaks, as shown in Figure 6.5a. The
primary peak at a binding energy of 530.4 eV corresponds to the bulk/lattice oxygen in
TiO,. The secondary peak at 531.9 eV is assigned to defect oxygen sites corresponding to
an oxygen atom geminal to a lattice oxygen vacancy (Vo), and the tertiary peak at 532.9
eV is assigned to oxygen in a surface hydroxyl state is seen only in commercial anatase.
Evidence of Ti*" centers are seen as shoulders at 461.2 and 457 eV (Figure 6.5b) for
Titanium 2p12 and 2psp, respectively. Titanium and oxygen band assignments per the
discussion in section 4.3. Additionally, analysis of the carbon environment confirms the
carbon environment with peaks at 285.0 eV (C-C or C-H), 286.7 eV (C-0), and 289.1 eV
(C=0), Figure 6.5c. No evidence of the Ti-C bond is seen at 281.1 eV indicating that the
carbon is not directly bonded to the Titanium, but either bonded to an oxygen, or

interstitially doped.



130

461.2 Ti* 457 Ti**
a) b)
&~ | Anatase :';
b ot 2
E S | Ta250
§ \Lo.:'z "/‘*‘ﬂ«,{\
o .
g g =
IS c !
Anatase
. »-ﬂ“"’ﬁ:'::;‘u\‘ o
- TT—— - s, —= sl \\\\:ﬁ
536 534 532 530 528 466 464 462 460 458 456
Binding Energy (eV) Binding Energy (eV)

C-CorC-H
c) e

Intensity (counts s™)

[Pa

292 290 288 286 284 282 280
Binding Energy (eV)

Figure 6.5 XPS spectra of as synthesized low pressure flame synthesized anatase vs
commercial anatase a) O1s region showing oxygen in two environments in the flame
synthesized sample and three in the commercial anatase, deconvoluted to fit up to three
peaks to bulk oxygen (red), oxygen defect sites adjacent to oxygen vacancies (blue), and
surface hydroxyl (green). b) Ti2p region showing titanium in different environments:
Ti2p12 (464.7 eV) and Ti2paz (464.7 eV) in Ti** state, Ti2pa in Ti®* state (461.2 eV), and
Ti2pa in Ti®* state (457.0 eV). c) C1s spectra showing carbon in three environments, the
C-C or C-H (285.0 eV), C-0O (286.7 eV), and C=0 (289.1 eV).
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6.3.1.4 Electron Paramagnetic Resonance Spectroscopy

'S 6E+05- ;

3 | —— LPF-A . g=2.003
E | U

2 2E+05-

> |

L  OE+00+~—- ——/”\,-f
2 :

2 -2E+05

() I

IS ' :

x -4E+05- -

D— 1

LIJ 1

3340 3360 3380 3400 3420
field (G)

Figure 6.6 EPR spectra of as synthesized LPF-A (blue) and LPF-A500 (red). Labelled g-
factor for either F-center (g = 2.003) or isopropoxide radical (g = 2.002).

The EPR spectra of LPF-A and LPF-A500 shows a strong singlet at g-factor =
2.003, corresponding to either F-center (g = 2.003) or isopropoxide radical (g =
2.002),1%917% Figure 6.6. Upon calcination the intensity of the signal decreased, suggesting
that the F-center was stabilized by a carbon atom or that the isopropoxide radical was
removed during the calcination. The double integration of the EPR signal at a g-factor of
2.003 quantifies 21.0 pmol/mol TiO2 and 3.5 pmol/mol TiO; for LPF-A and LPF-A500,
respectively. An 83% decrease in signal agrees with a 94% decrease in carbon from CHN
analysis, Table 6.Al, though the 10% difference in carbon loss suggests that at least some
of the signal at g=2.003 comes from f-centers instead of carbon containing radicals. Due

to saturation from the signal at g=2.003 minimal contribution from Ti** was seen via EPR.
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6.3.2 Photocatalytic Water Reduction

As the particle size decreases the photocatalytic activity is enhanced due to the
increasing percentage of atoms on the surface which provide locations for the surface redox
reactions to occur. However, per the discussion in chapter 1, as particle size shrinks below
10 nm the confining dimension of the discrete energy orbitals shrinks. Due to this, region
of irradiated sunlight that the catalyst can absorb will shrink due to the widening of the
band gap of a bulk material until it reaches the energy difference between the HOMO and
LUMO orbitals of a molecule.r’* Therefore there is a tradeoff between decreasing the
particle size as it can increase surface area and efficiency of bulk exciton transport,

however decreases BGE. This is rested via water reduction with methanol as a sacrificial

agent.
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Figure 6.7 Hydrogen generation from water reduction under no illumination and UV
illumination (280 nm — 400 nm), reaction vessel at room temperature. a) All samples at 20
minutes, b) hydrogen generation over an hour for LPF-A, LPF-A400, and LPF-A500. *
indicates no hydrogen production for that reaction condition.

Under ambient temperature and pressure neither commercial anatase nor

commercial Degussa P25 have any thermocatalytic (dark) activity for hydrogen
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production, while they show minimal activity (10 — 22 pmoln2 grio2t) under UV
illumination for 20 minutes, Figure 6.7. In contrast the as synthesized low pressure flame
synthesized TiO2 shows activity in the dark (18 pmoln2 grio2™t) as well as increased activity
under UV illumination (36 umolwz grio2™t). Upon calcination the sample begins to lose dark
activity suggesting that carbon content plays a role in ambient temperature thermocatalytic
hydrogen production. Conversely, calcination of the particles increases the photocatalytic
hydrogen production to 54 pmolw2 grio2 ™! and 97 pmolw2 grio2™, over LPF-A400 and LPF-
A500, respectively. The increase in hydrogen production over the catalyst post calcination
suggests that a combination of minimal carbon content (0.068 wt%), and larger pore

diameter and volume enhance the

6.4 Conclusions

High surface area, carbon doped anatase phase TiO» with mesoporosity is
synthesized with low pressure flame synthesis employing a burner-stabilized premixed
stagnation flat flame. These particles (7-8.5 nm) are below the quantum confinement limit,
yet show unique photocatalytic activity. The photocatalytic activities of the LPF-A systems
were evaluated following hydrogen evolution from water reduction under dark and UV
irradiation. As hypothesized, the low pressure flame synthesized samples showed enhanced
the photocatalytic activity. Calcining LPF-A decreases doped carbon content while

increasing pore diameter and pore volume, leading to an increase in photocatalytic activity.

6.A Appendix

6.A.1 Diffuse Reflectance UV-Visible Spectroscopy
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In situ UV-visible spectroscopy in tandem with calcination under 100 ml min™
allowed for a visual characterization of the low pressure flame synthesized TiO; stability
with heat treatment. As the sample was heated to 473 K the reflectance decreased (Figure
6.Ala) and turned from white to caramel orange (Figure 6.Al inset). Upon continual
increase in calcination temperature from 473 K to 673 K the reflectance increased and the

sample reverted to white.
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Figure 6.A1 Diffuse Reflectance UV-visible spectroscopy of LPF-A calcined to various
temperatures. The inset images show each sample’s physical appearance.
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6.A.2 Carbon Analysis

Table 6.A1 CHN analysis of commercial anatase compared to low pressure flame
synthesized samples calcined to different temperatures (BD indicates below detection of
the instrument).

Sample Carbon  Hydrogen  Nitrogen
Commercial anatase BD BD BD

P25 BD 0.031 BD
LPF-A 1.150%  0.330% 0.007%

LPF-A500 0.068%  0.402% BD
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Figure 6.A2 Isotherm at 77 K with nitrogen as the adsorbent for a) commercial anatase,
b) LPF-A, c¢) LPF-A400, d) LPF-A500, and e) Degussa P25.
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6.A.4 SEM Analysis

Figure 6.A3 compares the agglomerate structures of commercial anatase, which
has a spherical morphology, low pressure flame synthesized anatase (LPF-A), which has a
packed cylindrical morphology, and heat treated low pressure flame synthesized anatase
(LPF-A200, and LPF-A400) which maintain the packed cylindrical agglomerate structure,
with the sample heat treated at 673 K having the largest aggregate diameters of the low

pressure flame synthesized samples.

Figure 6.A3 SEM micrographs of a) commercial anatase, b) LPF-A, ¢) LPF-A200, and d)
LPF-A400.

It is noted that on the micron scale, commercial anatase appears relatively spherical
and non-porous in their agglomerate morphology, while the low pressure flame synthesized
samples appear to have large pores between the packed cylinders, potentially increasing

the pore size of these samples.
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Analysis of the Fourier Transform of the STEM micrograph in Figure 6.3 gives

multiple Fourier pairs leading to a rhombus-like shape.

Figure 6.A4 Fast Fourier Transform patternof LPF-A.

The distance between the pairs divided by two (the distance between the pair and the

center) is the inverse of the distance between the lattice spacing. Therefore, by measuring

the distance between each pair and taking the inverse divided by two gives the lattice

spacing, Table 6.A2.

Table 6.A2 Lattice Spacing determined from Fourier Transform of LPF-A STEM

Micrograph

Distance Between FFT
Pairs (1/nm)

Lattice
Distance (nm)

Direction

12.578 0.159 Quadrant 1 to 4
5.455 0.367 Quadrant 1to 4
9.815 0.204 Quadrant 1 to 4
3.376 0.592 Quadrant 1to 4
5.348 0.374 Quadrant 2to 3
7.021 0.285 Quadrant 2to 3
5.997 0.334 Quadrant 2to 3

Many of the lattice distances are close to the distance for the 110 face of anatase

TiO», 0.378 nm. Variations in distance may be attributed to the addition of carbon in the
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structure, or ratios of oxygen to titanium that are either sub or super stoichiometric. There
are multiple lattice fringes with different spacing and direction in this micrograph. There
are two possible explanations, firstly as the nanoparticles form in the reaction zone post
flame primary particles (dp <5 nm) are formed. Upon quenching the primary particles may
agglomerate to form the nanoparticles (d, = 7.2). During this quenching agglomeration it
IS possible that two primary particles meet at different faces and form a nanoparticle with
multiple lattice spacing. A second reasoning is that the lacey carbon grid had a decent
amount of sample distributed on the surface and therefore we may not be looking at one
nanoparticle, but many on top of each other. Analysis of 106 lattice fringes indicates that
the average spacing is 2.46 A. The mode was 0.2423 nm with a small percentage having a
larger spacing, possibly indicative of carbon doped, and a small percentage having a
smaller spacing, possibly indicative of oxygen vacancies of some other crystallographic

defect.
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Chapter 7: Conclusions and Future Directions

7.1 Unraveling the Phase Composition of Metal Oxide, Degussa P25 TiO2 via
Derivative Peak Fitting of Differential Diffuse Reflectance

The DPR technique represents an important step in understanding the phase
behavior and optical properties of semiconductors and metal oxides. This work has shown
that physical changes in TiO> can affect phase composition as well as susceptibility to
rutilization, which can be monitored in situ by DPR. Additionally, DPR shows that the
band gap of anatase is preserved across TiO2 samples prepared and modified by a range of
techniques, including grinding, sieving, high-pressure high-temperature annealing, and

low-pressure flame synthesis.

7.2 Metal-Free Hydrogen Evolution over Defect-Rich Anatase Phase Titanium
Dioxide

High Pressure High Temperature annealing was employed to modify commercial
anatase such that the semiconductor could evolve hydrogen from methane steam reforming
without the presence of a precious-metal co-catalyst. The photocatalytic cycle for hydrogen
evolution over annealed TiO, was proposed where Ti** centers generated during annealing
are consumed to produce dihydrogen and then regenerated by the UV-excited electron,
thus closing the catalytic cycle. In the absence of UV illumination, the excited electron was
not present and these Ti®* cites were quickly consumed thus implicating that
photoexcitation is required for the catalytic cycle.

7.3 Photocatalytic Reduction of Coking while Enhancing Hydrogen Production over
Nickel supported Anatase

Once again, the presence of precious metal cocatalysts are avoided in the

photocatalytic hydrogen production from methane steam reforming. In this project it is

revealed that the addition of 1wt% nickel as a cocatalyst on the TiO2 increases CH
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activation as well as hydrogen production, with the most promising of the catalysts being
the annealed nickel supported on TiO2 suggesting that the combination of a nickel
cocatalyst and a defect-rich metal oxide increases the photocatalytic activity of the catalyst.
Additionally, these nickel-supported catalysts are exhibit a major reduction in coking at
low steam to carbon ratios when illuminated. Understanding the mechanism by which this
coke reduction occurs would be important to both academia and industry alike.

7.4 Properties and Photocatalytic Application of Low Pressure Flame Synthesized
Anatase TiO2

High surface area carbon-doped anatase TiO2> with mesoporosity and small particle
sizes was synthesized via low pressure flame synthesis. This scalable technique allows for
the tuning of the TiO> polymorph and particle size. The fusing of the small crystallites
during quenching produces a sample with mesoporosity caused by void space between a
network of fused primary particles. The combination of small particle size (and therefore
likely a greater quantum efficiency), high surface area, and large mesopores gives the
catalyst unique activity. Hydrogen evolution from water reduction with methanol as a
sacrificial agent was the model reaction used to test this activity. LPF-A samples
outperformed commercial anatase and commercial (high surface area, fumed) Degussa P25

under UV irradiation.
7.5 Future Directions

7.5.1 Efficacy of the DPR Technique on Various Semiconductors
Band gap energies as well as phase composition of various semiconductors will be
analyzed using the DPR method in order to solidify the prowess of the method. DPR can
also be applied to systems of other semiconductor and insulator metal oxides. Preliminary

work in this area has shown that it is applicable to other semiconductor systems including
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zinc oxide, zirconium oxide, and cerium oxide. Intriguing possibilities for DPR include the
ability to quantify the relative contribution of different oxidation states within a single
sample. Thus showing that the DPR method is a reliable technique for BGE measurements
across many semiconductors.
7.5.2 Nickel Metal on Defect Rich TiO2

The reaction analysis of anatase and defect rich anatase with supported Ni(O)
shows an increase in hydrogen production (chapter 5). However, the supported nickel was
not reduced and passivated prior to HPHT nor prior to reaction. Since nickel metal is known
to be a better hydrogen evolution catalyst than nickel oxide, we propose to repeat these
experiments with reduced and passivated samples: Ni/Anatase, HA-Ni/Anatase, Ni/HA-
Anatase. The physical properties and the photocatalytic activity of these samples for
hydrogen evolution from methane steam reforming will be monitored, as it is expected that
metallic nickel on annealed anatase will have a much larger activity due to the metal acting
as both and electron trap and a hydrogen evolution site.
7.5.3 HPHT of Low Pressure Flame Synthesized Anatase

Low Pressure Flame Synthesized produces a high surface area, carbon doped
anatase phase titanium dioxide, with a particle size of 8.5 nm post calcination. Though
these nanoparticles have a large surface area of 149 m? g, which is promising for
photocatalytic applications, and a small particle size, which aids in the quantum efficiency
of excitons generated in the bulk being used for reaction, as noted in chapter 6, however
below the quantum confinement limit the BGE increases and therefore decreases the

efficiency of the catalyst as it is able to absorb fewer photons from irradiated sunlight.
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High pressure high temperature annealing has the benefit of inducing
photocatalytically active Ti®* centers as noted in chapter 4, however, the treatment
increases the particle size by 33-67% from 60 nm to 80-100 nm. Though this increase in
particle size is not desirable for a large particle, it could potentially increase the particle
size of the low pressure flame synthesized samples to between 10 and 20nm, thus breaching
the quantum confinement limit and decreasing the LPF-A BGE to that of a bulk anatase
TiO2 semiconductor ~3.2 eV. The combination of these two techniques is hypothesized to
develop an active MSR hydrogen evolution catalyst by increase the particle size past the
quantum confinement limit while keeping the size relatively small, and increase surface
roughness of the high surface area material while inducing the formation of

photocatalytically active Ti* centers into the material.
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