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Abstract

Abstract

Anatase phase undoped and iron-doped titanium dioxide (TiO,/Fe-TiO,)
nanoparticles were synthesized, characterized, and probed with the objective of testing
their photo activity in aqueous solutions. Fe-TiO, results indicate iron activates molecular
oxygen in the oxidation of methanol with 0.5% Fe-TiO, increasing photo efficiency by
nearly three times that of undoped TiO,. Fe-TiO, doped with 1.0 % Fe:Ti increase
efficiency by a factor of two. An interband state has been identified due to an Fe-O,

3+/2+

adduct at 1.48 eV. In the absence of oxygen, the Fe reduction band becomes an

electron hole recombination site.

Characterization was conducted using analytical, wet lab, and theoretical techniques.
The morphology, band gap, and particle sizes were confirmed using Raman and UV-vis
spectroscopies. Raman peaks occurring at 144,197,399,514, and 627 cm’! were due to
anatase E,y, By Big, Ajg, and E, respectively and identified as anatase phase. Further
fitting of the Raman spectra allowed for the comparison of peak areas which allow
analysis of exposed facets of the crystal. Upon examination, the (101) and (001) faces of
the anatase crystal do not change with the doping of the particle. The UV-vis spectrum
shows a shift toward the visible from particles doped with iron. Metal doping increases
absorption of light to longer wavelengths. For undoped TiO, the band gap occurs at 340
nm (3.64 eV); the band gap for both 0.5% and 1.0% Fe-doped particles are overlapped at
345nm (3.59 eV). A differentiation of the UV-vis spectrum coupled with the Brus
method allowed for the calculation of the radius of the particle given the electron and
hole effective masses. Particle radius was calculated as 0.86 nm for undoped TiO, and

0.90 nm for Fe-doped particles.
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The inclusion of both Fe and Au extended absorption into the near visible spectrum
however; catalytic reactions with visible photons have not been shown to give a
significant boost to the increase of photo activity. UV excited electrons account for the
bulk of the increase in photoreactions specifically concerning Fe-TiO, photo kinetic
experiments. Iron doped TiO, photo catalyst were consistently more photo reactive than
undoped TiO, in the oxidation of methanol. TiO, doped at 0.5% was almost three times
more efficient while 1.0% was two time more efficient. The decrease in efficiency
between 0.5% and 1.0% may possibly be an effect of a stabilization of charges on the
surface of the particle. Iron adsorbs on the (001) face in oxygen vacancies. With a single
iron atom on the (001) surface an electron can be transferred to an oxygen scavenger.
With more than one iron atom the vacancy is stabilized and oxygen atoms are not

attracted decreasing the activity of the catalyst.

Photo catalytic experiments were conducted in both oxygen and nitrogen saturated
environments revealing a difference in mechanism between methanol oxidized in the
presence of Fe-TiO, and TiO, TiO, either reduces water or stores the electron for
reduction purposes. The newly identified interband state at +1.48 eV acts as an efficient
electron-hole recombination site in the absence of oxygen for Fe-TiO,. Nitrogen purging
greatly reduces methanol oxidation to formaldehyde leading to a quenching of the
reaction. This interband state was located by removing fluorescence from the Raman

spectra using a log normal.

Finally, gold was photo deposited onto the surface of 0.5% Fe-TiO,. The catalyst is

more than two times efficient than undoped TiO, but does not surpass the initial
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efficiency of iron doping by itself. This may be due to the overall deactivation of the
catalyst which has been observed in the literature. However, gold doping does not
completely quench the reaction nor does it block oxygen from reaching iron on the
surface of the nanoparticle. This is information that may be used in further doping of Fe-

TiO».
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Introduction

1 Introduction

1.1 Global Issue

According to the World Health Organization (WHO), more than 3.4 million people
die each year from the lack of access to clean water and more than 780 million people
receive their water from sources which do not meet WHO sanitization guidelines.®’
Most, if not all, of these deaths are preventable. While great majorities of the people
affected by water borne illnesses reside in developing countries, more than 1.5 million of
those without access to treated water live within the borders of the United States. This is
a domestic and global issue. The key to solving this epidemic involves many different

perspectives and disciplines. A system that will tackle this problem must meet the

following demands:

1. The system utilizes energy resources that are abundant and readily available.

2. The system introduces little to no adverse health effects to the general
population.

3. The system uses a readily available material that is robust and resistant to
degeneration.

4. The materials used in the system are low in cost in comparison to other
alternatives.

5. The system has a greater efficiency than most systems on the current market.

With these criteria in mind photo catalytic semiconductor, titanium dioxide (TiO;) has

been synthesized, modified, characterized, and probed in an effort to further
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understanding of the compound so that it may become the answer to this macroscopic

problem.

1.2 TiO,: Pigment, Energy Alternative, Photo- oxidizer

Titanium dioxide is a semiconducting photocatalyst whose applications are
commonly separated into specific categories: pigment, alternative energy producer and
oxidizer of organic molecules in air and water. These areas will be reviewed briefly in
this introduction however; the goal of this particular research is to convey the importance
and use of Ti0O, as the central compound in future water purification systems through the

oxidation of organic molecules in aqueous solutions.

TiO, is primarily used as a white-based pigment in food and household products.
Currently, TiO; accounts for 70% of the production volume of pigment used worldwide.
This increase stems from the replacement of lead in paints during the late 1970’s. As a
large particle (~100 nm), it is relatively easy to produce on a large industrial scale.
Companies such as the Evonik Degussa Corporation make millions of dollars each year
synthesizing and mass producing > 70% anatase TiO, known as Degussa P25 to use in
pigments, food, sunscreen, and milk due to its white color. Due to its relatively benign
chemical state, TiO, has become a staple in everyday life although most of the general
public is oblivious to its presence. It should be noted that TiO, is not without
controversies. Recently, there have been concerns about the abundance of TiO; in house
hold products and food and its toxicity or probability of being a cancer causing agent.
Environmental agencies in the United States and other countries have begun to

investigate the health hazards of the compound, in particular nanoscale sized particles.
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Currently there are no reported cases involving health issues with TiO, from those
exposed due to work environments. According to studies completed on rats, for small

scale particles, respiratory inhalation is the greatest threat to health.®

In the past 40 years, the study of titanium dioxide as a photo catalyst has grown

exponentially. A quick search on the topic yields close to 3000 papers for 2012 alone.

. = Do

Figure 1.1: A schematic representation of a dye sensitized photo voltaic
system otherwise known as a Gratzel cell. The dye captures the photon and
transfers the photo excited electron to the conduction band of the metal
oxide electrode. The electron travels through a load to the counter electrode.
The oxidized dye is regenerated through the transfer of an electron from an
electrolyte solution, usually iodide.” Reproduced with permission from
Nature, 1991, 353, (6346), 737-740. Copyright Nature.

The photo catalytic activity of TiO,, first observed by Fujishima and Honda in
1972, is credited as the first published observation of water splitting using the
semiconducting photo catalyst. It is cited in nearly every paper discussing TiO,. Splitting

of H,O occurs when energy equal or greater than the band gap of the metal oxide induces
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an electron hole pair leading to the release of hydrogen (H;) and oxygen (O;) gas. The
oxidation and reduction potentials of the reaction fall within the electronic states of TiO;
allowing it to be a sufficient catalyst. This has a direct application in the use of H, fuel

cells for alternative energy.'”

An additional use of TiO, as an alternative energy producer is through the use of
dye sensitized solar cells most noted with the introduction of the Gratzel cell.” With this
method, a dye is physically adsorbed on the surface of TiO, An energy source equal or
greater than the band gap of the material is used to mimic sunlight and photons are
absorbed by the dye which generates photo excited electrons. Electrons are transferred to
the conduction band of the oxide which flow from the upper band to an external load and
finally reach the counter electrode. The oxidized dye is regenerated by regaining an
electron from an electrolyte solution, in most cases an iodine containing organic solution.

The electrolyte is restored by reduction at the counter electrode.

The final use of TiO; that will be significantly covered in this writing utilizes the
material as a photocatalyst in the oxidation of organic molecules. While the abilities of
the catalyst have been studied extensively for more than 40 years there have been
hindrances for waste water remediation on an industrial scale. Primarily, the reduction in
quantum yield of reactions when TiO; is used in water in comparison to air is drastic. In
dry environments, a chemical reaction is completed for nearly every photon absorbed
yielding a quantum yield of one (1). However in aqueous environments, the photo

efficiency of the catalyst plummets to less than two percent.''

The goal of this work
concerns increasing the photo efficiency of TiO;, in aqueous solutions, optimizing the

synthesis of particles for reproducible analysis, and understanding the molecular scale
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oxidation/reduction mechanisms on the surface of the particle. Several key issues have

guided the work presented. They include:

1. Extending the absorption band edge of the TiO; to the visible spectrum.

2. Inducing successful charge pair separations and decreasing electron hole pair
recombination.

Utilizing photons in the ultraviolet spectrum more effectively.

Identifying optimal electron hole pair scavengers

Conditions for the best and worst oxidation/reduction reactions

A

Understanding how our dopant promotes or poisons our catalyst

This work includes an in-depth reporting of TiO; crystal characteristics, the change in
photon absorption and electronic states of the nanoparticulate crystal with metal doping,
changes within the photo oxidation mechanism due to modification and finally evidence

of increased photo efficiency in aqueous solutions.

1.3 Crystal Phases of TiO,

Titanium dioxide is commonly found in three crystal forms: brookite, anatase and
rutile. The three phases differ in occurrence, crystal structure, and band gap, and size all
of which affect photo activity. Brookite is the least naturally and synthetically occurring
phase of the oxide therefore, significant characterization will focus on the rutile and

anatase phases.

Ti0, is an oxide of titanium found in nature within other naturally occurring minerals
such as ilmenite (FeTiO3) where iron surrounds the outermost surface of the mineral and
the core is made of TiO,. Rutile is the most commonly formed phase of the crystal in

nature.
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Commercially, TiO, is known as Degussa P25, which consists of a mixture of rutile
and anatase. It is widely used in the industrial and scientific community producing
nanoparticles measuring 20 to 100 nm in size or larger. The particles are white in color
and are only slightly soluble in water, creating a milky solution when immersed in

aqueous liquids. Particles are synthesized in a multitude of ways which include

15-19 d 18, 20-24 25, 26
9

hydrothermal solvation, sol-gel metho chemical vapor deposition and

pyrolysis®’>® among many others.

As previously mentioned, brookite is one of the least occurring and least studied
forms of the solid due to its instability. It has an orthorhombic crystal structure with
eight (8) TiO, molecules per unit cell. The band gap has been reported as 3.1 to 3.4 eV.
3132 Above 750 °C the mineral assumes the more stable form of rutile. Figure 1.2 shows

all three polymorphs of TiO,.

Figure 1.2: Representations of the TiO; phases. (a) rutile, (b) anatase, (c) brookite.
White dots are Ti, red dots are O. Experimental lattice parameters a=b-4.5937 A, c=
2.9581 A for rutile, a=b= 3.7842 A for anatase, and a=9.16 A, b=5.43 A, and
¢=5.13A for brookite.! Reproduced with permission from Journal of Physics:
Condensed Matter, 2012, 24, (19), 195503. Copyright IOPScience.
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Rutile, on the other hand, has been widely studied and occurs more than the
anatase and brookite forms of TiO, in nature and synthetic products. This is a direct effect
of rutile being the most thermodynamically stable of the three phases. The crystal phase
is cubic as a cell unit with a tetragonal crystal structure. Rutile crystals consist of two (2)
formula units per cell unit. In terms of optical properties, the band gap of rutile is 3.0 eV,

the smallest band gap of the three phases.

Finally, anatase exhibits an elongated rectangular shape and also consists of 2
formula units per unit cell. Its band gap is 3.23 eV and it also absorbs photons in the
ultraviolet region. The anatase phase crystals synthesized within the lab are synthesized
at room temperature or lower. As with brookite, upon heating above ~500 °C anatase
grows in particle size and transforms to the rutile phase. For this work we have focused
on the anatase phase of the crystal due to its stability and reproducibility from batch-to-

batch syntheses and in oxidation reactions.

Crystal Size

Characterization of a synthesized particle is often determined using imaging
techniques such as transmission electron microscopy (TEM) or scanning electron
microscopy (SEM), or x-ray diffraction (XRD). Particle imaging is a highly effective tool
in the deduction of not only size but also morphology. Unfortunately, small nanoparticles
such as the ultra-nanoparticles synthesized within this lab are beyond the resolution limits

of available instrumentation. The differentiation of UV-vis spectra coupled with the Brus
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method, were utilized to determine the size of TiO; and Fe-TiO; anatase particles

reported in section three.

1.4 Structure and Surface

The anatase shape of TiO; is commonly reported as a truncated bipyramid. The
effects of surface energies and size which determine the predisposed shape are often
excluded from discussion. Methods and conditions to help predict the shape as well as
how the shape is affected by size and surface terminations are key to increased control

over synthesis and tailoring the nanomaterial for specific directives.

Figure 1.3: Truncated bypyramid anatase phase TiO, crystal illustrated using Crystal
Maker and Canvas software. Surface facets are a direct result of surface energies."
Reproduced with permission from Langmuir, 2012, 28, (49), 16933-16940. Copyright
American Chemical Society.

The Wulff construction™ helps in the understanding of a nanocrystalline shape
because it is a method for predicting the equilibrium morphology. Prediction of the
nanoparticle structure can be determined based on the minimization of surface energies.

The construction itself involves a thermodynamic model based on the minimization of
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Gibbs free energy, which can be described in terms of contributions from the sum of bulk

and surface energies:
GQ? — G,?ulk + G;urface (1)

where x is the phase of the nanaoparticle (x= A for anatase and x=R for rutile). This
equation can be expanded to include surface energy terms based on the crystal face (yyi)

weighted by factors f; such that if;=1. Therefore,
M
Gy = A¢Gy + o (1-e)lqg X fivxil ()

where A¢Gy is the standard free energy of formation of the bulk material, M is the molar
mass, p is the density and q is the surface-to-volume ratio. The volume dilation induced
by the surface tension (e) can be explicitly solved for using the Laplace-Young equation®*

where volume dilation is defined as,

_ 280
e =L 3)

B= 1/B, is the compressibility and oy is the sum over the weighted surface tensions of the

crystal facets present. Surface tension can be solved in the form,
Ox = XifiOxi 4)

where oy is defined as the surface energy for a particular crystal face i of phase x. A
2005 study from Curtis et. al’ reported energies based on density functional theory (DFT)
and generalized gradient approximation (GGA) for TiO, nanocrystals with acidic, neutral

and basic adsorbates on the surface.
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Table 1.1: Surface Energy vy (and surface tension o) for Selected Anatase and Rutile
Surfaces (in J/m?). Calculated in Reference *° , for Each Type of Surface Chemistry. *
Table Reconstructed from Reference® Reproduced with permission from Nano Letters,
2005, 5, (7), 1261-1266. Copyright American Chemical Society.

Hydrogenated Hydrogen-rich Hydrated Hydrogen-poor Oxygenated

Anatase

(001) 1.88 (0.91) 228 (0.41) 1.55(-0.37)  1.89 (0.83) 2.55(1.28)

(100) 114 (-0.19)  1.67(-0.08)  1.113(-0.59) 1.58(0.04) 1.53 (0.35)

(101) 1.14 (0.09) 1.14 (0.21) 1.03 (0.45)  1.50 (0.54) 2.07 (0.28)

Rutile

(100) 3.07 (0.80) -(9) 1.57(0.61)  1.91(0.49) 2.55(0.63)

(110) 1.72 (1.27) 1.60 (1.65) 1.08(0.92)  1.30(1.69) 1.60 (0.67)

(011) 2.55(1.38) 294(2.63)  1.79(136)  3.58(-1.33) 4.02 (-0.55)

* The o,; values are given in brackets. Note that the results for the rutile (100) surface in
hydrogen-rich conditions are unavailable, since this surface was found to be unstable with
respect to H,O desorption.

10
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Surface terminations are based on a ratio of hydrogen to oxygen on the surface. These
structures are determined by an equilibrium of acid to base in the medium which involve
TiOH surface hydroxyl groups. Under acidic conditions protonation of the surface occurs

(hydrogenated surface) likewise under basic conditions the surface is deprotonated

® () (e)

ACIDIC............. NEUTRAL.......... BASIC

(f) @ (h) (i J () J

Figure 1.4: Changes to the shape and size of the crystal based upon surface
chemistry. The red shapes (top row) represent anatase. Gray (bottom row)
shapes are rutile. A./F Hydrogenated S B/G. Hydrogen Rich C/H. Hydrated
D./I Hydrogen poor E./J Oxygenated surfaces .> Reproduced with permission
from Nano Letters, 2005, 5, (7), 1261-1266. Copyright American Chemical
Society.

leaving an abundance of O’ sites on the surface (oxygenated surface). When the crystal is
formed under neutral pH conditions, molecular or dissociated (OH + H") H,O groups are

coupled with under-coordinated surface sites.

Table 1.1 directly corresponds with Figure 1.4 based on shape of crystal and the
terminated adsorbates at the surface. The minimization of surface energy depends upon
the medium, which dictates the shape of the crystal. Based on Table 1.1, the surfaces that

dominate have the lowest surface energies, which correspond to the (101) face for anatase

11
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and the (110) face for rutile. It should be noted that these are the largest of the faces on
the crystal surface. The least stable and most active face of anatase is the (001) surface.
The hydrated surface consistently has the surface minimum for an adsorbate under both
morphologies, which would infer synthesis at neutral pH results in highly favored shape,
size, and stability of the nanoparticle. These results directly correlate with the size, shape
and synthesis environments that the anatase phase crystals produced within this work (re:
Chapter 3). The crystals synthesized from TiCly at 0°C are truncated bypyramidal in
shape with the most photoactive faces being the 001 surface and the 101 being the larger

and least active face.

1.5 Electronic States and Band Gap Engineering

The band gap of a material is the energy separation between the valence band and
conductance band. These are analogies to the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of a molecule. Electron
transitions are a direct indication of photon absorption. The energy necessary to excite an
electron from the valance band of the material is inferred from the size of the band gap
(Eg) or hv = E; + W, , where W, is the width of the conduction band."” As reported
earlier, the band gaps are 3.0 eV (364 nm) and 3.2 eV (365 nm) for rutile and anatase,
respectively. These energies are well within the ultraviolet region of the light spectrum.
While the sun does emit substantial UV, more than 90% of the energy that reaches the
Earth’s surface is in the form of visible light. A common method of improving the photo
efficiency of TiO, is to decrease the band gap of the material by introducing defects

through doping. Many techniques and materials have been used including nitrogen®®>®,

12
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39, 40 41-43 44-50 51, 52

fluorine , sulfur ,noble metals and transition metals. The result of these
varied perspectives result in conflicting ideas on the usefulness of the specific transition
metals. In some cases, dopants have been observed as being both promoters and poisons
of the catalyst. This work will specifically focus on doping with transition metal, iron,
and noble metal, gold, while increasing photo absorption in the visible region and

increasing overall photo efficiency.

Conduction Band (-0.33)

0.0 H*/ H, (0)
o 05 —
E . Fed*/Fe2* (+0.771)
E 1.0 — —H,COICH,OH (+0.97)
c - 0,/H,0 (+ 1.229)
# 1.5 —
3 -y
b
o 2.0 —
25 —
3.0 —

Yalence Band (3.02)

Figure 1.5: The electronic states of anatase phase titanium dioxide. Reduction potentials
for iron, methanol oxidation and water reduction are included. * Reproduced with
permission from Langmuir, 2012, 28, (49), 16933-16940. Copyright American Chemical
Society.

Doping, as a method to change the electronic structure of the nanoparticle by
increasing the number of defects and oxygen vacancies within the crystal lattice has
become prevalent within the TiO, community. Methods for doping are varied.

Procedures include involving a precursor material in initial hydrolysis and deposition of

13
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the dopant through chemical or physical methods. Both of these methods are covered

within this work.

1.6 Photochemical Capabilities

(1D (I11)
@ Cha[ge Ole

separation transfer

@

(IV)
xidant
reduction
>~ CB\
VB~

Figure 1.6: Photo oxidation/reduction catalytic scheme. The absorption of a photon leads
to (I) an electron hole pair separation. Recombination may also occur with a dissipation
of energy. Upon successful charge separation (II) the electron donor is oxidized by the
hole (IIT) and the surface trapped electron (IV) is transferred to an acceptor. Step (V) is
the recycling of the catalyst.” Reproduced with permission from Langmuir, 2012, 28,
(49), 16933-16940. Copyright American Chemical Society.

As stated previously, TiO, is photoactive when Av is equal or greater than the
band gap. Photo excitation of an electron leads to two possible outcomes. The first,
which happens most often, is the recombination of the electron with its hole. This is
the greatest barrier to the successful implementation of TiO, in both the alternative
energy and photo oxidation research. However, upon successful photo excitation the
electron transitions from the valence to the conduction band and is trapped onto the

surface creating an electron hole pair separation. Under optimal conditions, an

14
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electron donor is oxidized by the hole and the photo excited electron is successfully
passed to an electron scavenger which creates a radical for further oxidation and
reduction processes. A properly engineered material would then be regenerated for
future use. This cycle can be seen in Figure 1.6. Again, in air, the quantum yield for a
photo reaction is one (1). All photons absorbed are able to produce a catalytic
reaction. However, upon its introduction into aqueous solution, photo efficiency
plummets. Because of this decrease in efficiency, multiple methods have been used to
synthesize TiO,, the ones used to synthesize the anatase particles used in this work

will be covered in section 2.
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2 Sample Preparation

2.1 Inorganic Precursor Synthesis

Hydprolysis

Anatase phase titanium dioxide (TiO,) is employed in all of the experiments
presented in this work and was synthesized within the lab. The procedures reported
are modified versions previously detailed by Wang™>°, Asong’®*’, and Dukes et al.*

in the literature.

To begin, the reference material for TiO, was synthesized from an inorganic

precursor, titanium tetrachloride (TiCly) in this case.
(1) TiCly, + 4H,0 - Ti(OH), + 4HC! (hydrolysis)
(2)Ti(OH)4 + 4H,0 — TiO, + 6H,0 (dialysis — rotary evaporation)
(3)Ticl, + 2H,0 — TiO, + 4HCl (complete reaction)

TiCly is transparent and clear or slightly brown in color possibly due to impurities. An
Erlenmeyer flask filled with 600 ml of 18 MQ nanopure water was placed in a 4L beaker
on a stir plate. The flask was surrounded by an ice bath composed of a 1:3 ratio of dry ice
to ice. The water was stirred until the solution reached 0 °C. While the water was cooled,
a small vial of TiCly was submerged in a dry ice/ethanol bath." As the liquid approached

freezing, 2.1 mL of solution was withdrawn with a pre-chilled syringe. TiCly was added

 TiCl, is a volatile clear liquid that reacts immediately upon being exposed to moisture in air. The initial product was

16
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drop wise to the water drop-wise . TiCl; does react immediately with moisture in the air
therefore, the addition of the solution must happen fairly quickly. Although hydrolysis
takes place almost immediately the process is allowed to continue under vigorous stirring

for a minimum of two hours.

Dialysis

Dialysis |

Figure 2.1: Large container for water bath, alligator clips
and cellulose tubing membrane for the dialysis
procedure.

The size and shape of the crystal is dependent upon the pH of the medium in
which the nanoparticle synthesis takes place. TiO, is transferred to a cellulose tubular
membrane (Cellu Sep, vol/cm 6.42 ml, 2.5 nm pore size) for proton-water exchange on
the surface of the particle. The dialysis process was completed within two days of
hydrolysis. Particles were less stable in solution after multiple days which led to
aggregation and cloudy solutions. The dialysis tubing was measured and cut using

sanitized scissors. The tubing then soaked for 20 minutes in nanopure water. The TiO,

17
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solution was split into two different batches.” For a 300 ml solution 54 cm of dialysis
tubing was used. While soaking the dialysis tubing, a lobster pot or larger container,
which holds at least 10 L of water, was filled with nanopure water. A small aliquot of
TiO, (~ 3-5 ml) was removed using a glass pipette and transferred to a small beaker. The
solution was allowed to come up to room temperature before initial recording of its pH".
In most experiments, the initial pH measured around 1.5 due to the prevalence of HCI in
solution. The dialysis tubing was then rinsed at least three times before the solution was
transferred and dialysis started. A clean funnel was used in the transfer. Cellu Sep
alligator clips are used to secure the ends. The tubing is placed in the bath with pH
monitored and recorded every 30 minutes. A pH measurement of the water in the outer
bath was also recorded. The bath was replaced when a decrease in pH was no longer
observed. Dialysis was terminated when the pH of the particulate solution neared a pH of
2.35 well below the zero point of the particle. The zero point is approached when a net
zero charge is reached between the charged ions in the medium (H in this case) and the
ions on the surface of the particle (OH). The nanoparticulate solution was then

transferred to a round bottom flask for drying.

Rotary Evaporation (Drying)

® The maximum volume of solution that should be dialyzed at a time was 300 ml with reproducible results.
¢ Once the tubing has been placed in water it should always be submerged in a water bath.

18
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Figure 2.2: Rotary evaporator used to separate nanoparticles from
solution after dialysis.

As mentioned previously, dialysis can be conducted on the same day as
hydrolysis but was usually completed 24 hours after the initial process. The hydrolyzed
solution was never refrigerated for more than two days. The round bottom flask was
connected to the neck of the rotary evaporator and submerged in a water bath measuring
23 °C. It was secured with a Keck clip®. Dry ice was added to the condensing finger and
holding container under the condenser’s round bottom flask. The cold trap connected
between the vacuum and the condenser was checked for liquid water or ice before filling
the cold trap with liquid nitrogen. Failure to remove miscellaneous water endangered the
health of the vacuum and decreased the likelihood of reaching lower pressures. The
pressure gauge was set to 12 torr to begin rotary evaporation. All valves were closed at

the beginning of the process. The green ‘RUN’ button was pressed twice to begin the

4 Schott KC24- Catalog No. 28 633 650
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measurement of vacuum pressure. The valve separating the vacuum and round bottom
flask was opened as soon as the pressure reached 100 torr for the system between the
vacuum and condenser. The pressure usually decreased to the set reading between 10
and12 torr after opening the entire vacuum line. The solution began to “boil” once it
reached ~20 torr. The rotation dial was then set to two (2) on the evaporator. Starting
rotation before the solution ceases boiling increases the probability of contaminating the
rotary evaporator apparatus with nanoparticles and spreading nanoparticulate matter
throughout the rest of the system. Evaporation was allowed to proceed with interval
checks on the volume of dry ice inside and below the condenser and liquid nitrogen in the
trap. The pressure was decreased to 0 torr as the solution became gel-like in consistency
and began to coat the flask. The rotation of the round bottom flask was also increased to
four (4). At the end of the process, small crystals were recovered in the round bottom
flask. They were then transferred to a pre-weighed glass vial with cap and labeled with
the name, date, and batch details. The vial was then weighed and recorded. A usual batch
yielded ~ 0.1 to 0.18 g of crystals. Theoretically 0.15 g of product should be produced. A
small amount of the particles were transferred to a glass test tube. Nanopure water was
added to check the solubility of the particles. Successful particles dissolved in water and

resulted in a transparent solution.

Iron doped Inorganic Synthesis

Iron doped TiO, was synthesized analogously to undoped TiO, from TiCly. FeCls
was added at the beginning of the synthesis process to 18 MQ nanopure water. Iron was
added by mol percentage in comparison to the moles of Ti added in solution. For a 600

ml solution, 2.1 ml of TiCly was added yielding 1.91mmol of Ti. For a 0.5% molar Fe-
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TiO; particle, 0.66 ml of a 0.8 g/L FeCls solution was added to the solution before
hydrolysis. The procedure then followed the undoped synthesis going forward. Particles
ranged from yellow to orange in color depending on the amount of iron used in the

synthesis process.

2.2 Organic Precursor TiO; Synthesis

Equal parts isopropanol and 18 MQ nanopure water were mixed to make a 300 ml
solution in a 1 L Erlenmeyer flask. In comparison to the inorganic method, the amount of
solution used during hydrolysis has been reduced by half. The solution was stirred using
a magnetic stir bar. The beginning solution measured between a pH of five (5) and six
(6). The solution was acidified using either hydrochloric (HCI) (ACS reagent 37%,
Sigma Aldrich) or nitric (HNOs3) (ACS reagent 70%, Sigma Aldrich) acids to a pH below
1. Upon reaching the correct pH, the flask was covered with parafilm and set into a larger

beaker for cooling using a dry ice/ice bath.

While the acidified isopropanol/water solution was cooled, 2.0 ml of titanium
isopropoxide was added to 10 ml of isopropanol in a separate small flask. A glass pipette
was used to add the mixture drop-wise to the larger acidified solution. A pH
measurement gave a reading between ~1.15 to 1.35. Hydrolysis was allowed to take place
for 48 hours in the modified freezer. The pH dropped during the process. The solution
was then dialyzed to a pH of ~2.35. The solution was then split into two halves for rotary
evaporation. The drying process of the inorganic procedure was followed. A soluble
white powder was recovered however with large amounts of HCI present, a yellow-green

particle is observed.
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The iron synthesis was again, analogous to the undoped procedure. The solution
was prepared in the same method as the undoped solution. A 300 ml solution of acidified
isopropanol/water solution was prepared. There are two types of synthesis for iron doped

organic Ti0O,, same phase and different phase which will be covered in the next section.

2.2.1.1 Same phase and Different Phase Fe-TiO, Synthesis
During the same phase process, the 10 ml solution of isopropanol and 2 ml of

titanium isopropoxide is mixed with iron acetylacetonate ((Fe CsH;0,)s, 353.17 g/mol,
density 5.24g/ml, ACS grade). The Fe/Ti/alcohol solution was added drop-wise to the
larger solution. The hydrolysis process was carried out for 48 hours. Dialysis was carried
out to a pH of 2.23 and the nanoparticulate solution was dried through rotary evaporation

as previously outlined.

Different phase Fe-TiO, was prepared in a similar fashion to its counterparts.
However the iron precursor is added separately to the acidified solution before the 12 mL
titanium isopropoxide/isopropanol solution is added. The solution is dialyzed after two
days and dried using rotary evaporation analogous to the procedure outlined in previous

sections.

22



Characterization

3 Characterization

3.1 Crystal Analysis Methods

X-ray Fluorescence (XRF) Iron Content

XRF was conducted by the Evans Analytical Group (molybdenum X-ray tube, 47
kV, ~100 microns beam diameter, 1.5 mm x 1.5 mm sample) to measure the percentage
of Fe, Ti, and other elements incorporated in the particles. Pure titanium and stainless
steel were used to quantify elemental Ti, Cl, Fe and contaminants. XRF measurements
show that samples derived from precursor mixtures with 1% iron contain an iron to
titanium ratio of 1.0+0.1%. Colorimetric measurement’’ indicated that iron was in the +3

oxidation state for oxygenated irradiated solutions, and +2 for oxygen depleted solutions.

UV Vis of (0.5, 1.0, and undoped Inorganic) TiO;

Band edge absorption was determined using UV-vis spectroscopy (Jasco V-570
UV/Vis/ NIR Spectrophotometer). TiO, solutions were 0.5 g/L in concentration. A
derivative of the spectra was also taken to determine the exact band gap from the minima.
Resulting band edge adsorption data was then used to calculate the band gap of the
nanoparticles. Nanosized particles formed a transparent and colorless solution. Increased
doping produced light yellow to orange particles due to the weak visible absorption

(Figure 3.4).
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Crystal Structure - X-ray Diffraction and MicroRaman Spectroscopy

The crystal structures of TiO, and Fe-TiO, were determined by Raman
spectroscopy (Jasco NRS-3100 Laser Raman spectrophotometer, 785-nm, 22.1-mW
excitation). Spectra were collected using CCD (charge-coupled device) detection (air
cooled to -65°C, 1024 x 128 pixels, 1 cm™ resolution). The instrument was fitted with a
notch filter (cut off 100 cm™ below excitation). Polypropylene was used as a calibration
standard. All spectra were taken with powder samples place on a microscope slide.

Sample readings were taken at room temperature.

Phase characterization was also conducted using using x-ray diffraction (XRD).
Powdered samples were examined using a Bruker APEX II DUO CCD diffractometer

operating in reflection mode with Cu-Ka radiation (35 kV, 20 MA). A diffracted beam

monochromator was used in continuous scan mode with a step size of 0.2°.

3.2 Results and Discussion

1404
1204 ——1.0% Fe-TiO,
1004 Tio,
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Figure 3.1: XRD of undoped and doped TiO, Small particles produced
using room temperature result in broad peaks in characterization
techniques such as XRD , limiting the amount of analysis that can be
done for small (<3 nm) particles. The peaks at 25°, 37.5° and 48°

correspond to the anatase phase.
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One characteristic that greatly affects the photo efficiency of TiO; is its crystal
structure. Characterizing the crystal structure of very small (< 2 nm) TiO, particles using
X-ray diffraction or TEM techniques is difficult due to broad diffraction peaks (Figure
3.1) resulting from the short-range crystal structure of small dielectric particles (5-6
formula unit layers). The anatase phase can be determined from the spectra collected
using XRD however peaks are broad and the signal-to-noise ratio is very high in
comparison to Raman spectroscopy. The peaks observed at 25, 37.5 and 48° are
consistent with anatase phase crystals. Raman spectroscopy is sensitive to local structure
and therefore used to determine the phase of anatase particles. Five peaks were observed
for all three samples: 144, 197, 399, 514, and 627 cm™ (Figure 3.2), these have previously
been assigned toanatase: strong E,, a weaker E,, the medium strength B, the 4;,, and an

E, respectively.

Undoped TiO,

X = m 0.5% Fe-TiO2
1.0% Fe-TiO,
N I
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Figure 3.2: Raman spectra of undoped, 0.5% Fe-TiO,, and 1.0% Fe-TiO,. Both doped
and undoped particles are anatase which is confirmed in the Raman spectra. Peaks
occurring at 144,197,399,514, and 627 cm™ are due to anatase Eg, Eg Big, Ay, and E,
respectively.* Reproduced with permission from Langmuir, 2012, 28, (49), 16933-
16940. Copyright American Chemical Society.
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58-61
In

These observed spectra are consistent with reported Raman spectra of anatase.
contrast, rutile spectra shows weak features at 143 em™, 320 em™, 357 cm™, and 826 cm™
! and stronger peaks at 447 cm™ and 612 cm™'; none of which correlate to the presented
spectra. A peak emerging at ~320cm™ for the doped particles, present as a weak peak in

undoped anatase, has been noted previously.®® The 320 cm™ peak becomes narrower and

more distinct on iron doping, likely due to the larger polarizability of Fe*" relative to Ti*".
Faces

As mentioned before, anatase particles contain two principal crystalline faces: the
(101) and the (001) face.®® The smaller and more active face is the (001) which has been
reported in the dissociation of both water and methanol.”> Recent work® has shown that

synthetic conditions can significantly alter the proportion of (001) faces exposed. Figure
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Figure 3.3: Fitted Raman spectra of 0.5% Fe-TiO,; fitted with Guassian peaks. The
ratio of areas of the 514 cm’ Ay, to the 144 cm’! E, peaks indicate the ratio of the
exposed for the (101) and (001) face areas. The ratio is independent of iron doping and
therefore does not alter expose face areas. Reproduced with permission from
Langmuir, 2012, 28, (49), 16933-16940. Copyright American Chemical Society.
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3.3 shows the results of fitting the Raman spectrum of 0.5% Fe-TiO, for peaks up to 800
cm’'. The area ratio for the 514 cm’™ Aiq to the 144 cm’! E, peak is 10%. A similar ratio is
obtained for undoped and 1% Fe-TiO,, Doping with iron does not alter the exposed faces

of the anatase phase crystals reported within this work.
Size

Transmission electron microscopy (TEM), atomic force microscopy (AFM) and x-ray
diffraction (XRD) have made imaging and characterization of larger particles (> 20 nm)
accessible to researchers who synthesize their own materials. However, these methods of
analysis are limited by their resolution specifically when imagining non metallic particles
which lack crystal depth and size. Analysis of smaller particles (< 3 nm) is challenging
due to the limited number of repeating formula units (5-6 layers). However, particles of
this size of are great interest because of their transparency and reproducibility specifically
within this work. The Brus method® , allows for calculation of the radius of
nanomaterials that experience quantum confinement. Particle size is calculated based on
the effective mass of the exciton and dielectric constant. Sarma et. a/ have reported a
wide-ranging application of this method in the determination of sizes for ZnO, CdSe,
ZnS, CdS, ZnSe, GaAs, InAs, and InP nanoparticles, which range from 2 to 4 nm in
size.®® A band gap was extruded from the UV-vis absorption of TiO, and Fe-TiO,
nanoparticles (Figure 3.4). This was possible through the differentiation of the spectrum
(Figure 3.5). The band gap was determined by taking the first derivative of the uv-vis
data (Figure 3.4). The derivatized spectra can be observed in Figure 3.5. The band edge
was determined by taking the half-width, half-maximum of the spectra. Once the

wavelength (nm) of the band gap was identified it was then converted to electronvolts
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(eV). The resulting band gap was used in the Brus equation to determine the particle size.

The Brus equation is as follows,

h2
AE, = —~
9 8uR? 4mR €,€,

+ Smaller Terms (R)

where h is planck’s constant, e is the charge of an electron, p is the effective mass of the
exciton, €, is vacuum permittivity and € is the dielectric constant. The band gap
difference between the synthesized nanoparticle and its bulk material is represented with
the term AE,. Smaller terms are included in the equation but do not have a significant
effect on the calculated radius. The radius is determined by three constants, the effective
mass of the electron and hole and the dielectric constant of the material. These values
vary within the TiO, community especially when considering theoretical calculations
versus experimental findings. For this study, two specific sets of values have been taken
into consideration. Values for effective mass (u.) and dielectric are 1.63m. and 184,
respectively based on averages from Hoffman and Bahnemann using theoretical
caluclations.” Fitzmaurice ¢’ has also reported values for the mass of the electron and
hole based on experimental evidence. The effective mass of the exciton is reported as
0.74m. with the dielectric constant reported as 12. Using both Fitzmaurice and

Bahnemann values, two sets of data are listed in Table 3.1.
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Table 3.1: Effective mass of the electron and hole reported by Fitzmaurice and Hoffman.
Values were used to calculate the nanoparticle radius of the photocatalyst. The calculated
radius of both TiO2 and Fe-TiO, are less than one nanometer in size confirming their

ultra-nanoparticle status.

Fitzmaurice

Hoffman/Bahnemann

Effective mass of electron, m*, 10m,

(kg)

Effective mass of hole, m*, (kg) 0.8m,
Effective exciton mass, u, (kg) 0.74m,
Calculated Effective mass, u. (kg) 6.74x 10
Dielectric Constant, ¢, 12
Calculated TiO; radius, R (nm) 0.857

Calculated Fe-TiO; radius, R (nm) .897

om,

2m,

1.63m,
1.48 x 107°°
184

708

751
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Figure 3.4: UV-vis absorption spectrum of TiO,, and 0.5%, and 1.0% Fe-TiO,.
Solid particles were dissolved is 18 MQ with a concentration of 0.5 g/L. Iron
doping results in a red shift of the spectrum towards the visible region.*
Reproduced with permission from Langmuir, 2012, 28, (49), 16933-16940.
Copyright American Chemical Society.

The UV-Vis spectra (Figure 3.4) indicates that for undoped TiO, the band gap
occurs at 340 nm (3.64 e¢V); the band gap for both 0.5% and 1.0% Fe-doped particles are
overlapped at 345 nm (3.59 eV). The particle radius was 0.86 nm for undoped TiO, and
0.90 nm for Fe-doped particles. Again, the size is dependent upon the dielectric and
reduced mass constants which vary within the literature.’” These results are consistent
with particle size reported from transmission electron microscopy (TEM)
measurements.”> The half-width, half maximum of the derivative for undoped TiO, is
somewhat broader than that for Fe-Ti0,, indicating a slightly narrower size distribution
for the iron-doped particles. The effective mass of the hole and electron are reported in

Table 3.1 and are based of experimental findings of Fitmzaurice®” and mean theoretical
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values reported by Hoffman and Bahnemann'’. The small value for the hole is due to the
delocalization with conventional transport mechanisms from the valence band whereas
the larger value for the electron stems from d-band character of the conduction band

involving polaron transport.

1.0% Fe-TiO,
0.059 0.5% Fe-TiO,
TiO,
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Figure 3.5: Derivitization of the uv-vis spectrum. The derivitized peaks
allow the inference of a band gap for undoped TiO,, 0.5% and 1.0% Fe-
TiO,.The half width half max was identified as the band gap for the
nanoparticles based on the spectra. For undoped TiO, the band gap occurs
at 340 nm (3.64 eV); the band gap for both 0.5% and 1.0% Fe-doped
particles are overlapped at 345 nm (3.59 eV). Reproduced with
permission from Langmuir, 2012, 28, (49), 16933-16940. Copyright
American Chemical Society.
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Electronic States
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Figure 3.6: Fitted Raman spectra with the removal of fluorescence.
The Raman spectra of 0.5% Fe-TiO, has been fitted with a log
normal to remove fluorescence. The amplitude increases with iron
doping and is centered at 430 cm™ from the excitation.

The Raman spectra shown in Figure 3.6 and Figure 3.3 are the spectra after
fluorescence removal. A large fluorescent contribution is observed with 785 nm
wavelength exciation. This fluorescence is absent for 532 nm excitation. Figure 3.6
shows the Raman spectrum for Fe-TiO, prior to fluorescence removal. The fluorescence
intensity increases with incorporation of iron (fluorescence amplitude 178 for undoped,
290 for 0.5% and 300 for 1%) and is centered at 430 cm'from the excitation line. The

implications for fluorescence are further discussed later in section four.

32



Photocatalytic Kinetics

4 Photocatalytic Kinetics

4.1 Experimental Method: Photocatalytic Experiment

Kinetic experiments used a catalyst loading of 0.3125 g/L. Methanol was added in
20-fold excess relative to TiO, to ensure saturation of the particles. A 1000W, ozone-free
xenon lamp (Oriel model 66921) was used as a light source. Aliquots of solution were
removed over timed intervals and derivatized to detect the formation of formaldehyde in
the oxidation of methanol. Methanol oxidation undergoes several steps resulting in
intermediates. The common process produces formaldehyde after hydrogen abstraction
and a two electron loss. A secondary intermediate is formic acid. A complete oxidation of
methanol would result in the yield of CO, and H,O. The oxidation of methanol is a two
electron process from beginning reactant to intermediate product of formaldehyde. A

schematic of the full oxidation reaction is as follows:

—2H* —2e-

)

+H,0 )
CH;0H —— HCOH —> HCOOH —— C0, + H,0

+ _4o-

An EPA protocol, detailed later in this section, was used to determine the concentration

of formaldehyde produced during irradiation experiments.

Three types of experiments were conducted; broad band irradiation, short-band-
pass irradiation which used a 365 nm, 50 mm x 3.5 mm Maxlamp mercury line filter
(Semrock Incorporated), and visible irradiation which used a 400 nm, 50 mm? long-pass,

edge filter (Andover Corporation, transmittance 90% at > 408 nm; below the TiO, band
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gap). Filters were fitted between the sample stage and a 17.75 cm water filter (Figure
4.1). The water filter consisted of a stainless steel cylinder with two ports for water
cycling and is sealed with 1 inch in thickness CaF, windows. The filter limited heating

due to infrared radiation.

A dual-arm photolysis cell (Figure 4.2 and Figure 7.1) was constructed by scientific
glassblowers, G. Finkenbeiner, Inc. The main body of the cell consisted of a 3.8 cm
diameter by 5 cm long Pyrex cylinder separated lengthwise into two equal compartments
by an opaque glass partition. Each side of the apparatus included two extruding ports 4
inch in diameter used to withdraw aliquots of solution and introduce gases. Each side

held up to 30 mL however experiments were never conducted with more than 25 mL of

e 17

N,/O, Gas Lin

pa |

Dual ceji
Photo
reactor

§

Figure 4.1: Experimental set-up for photo catalytic kinetic runs. A
1000W xenon lamp was used for irradiation. The 17.75 cm in
length water filter was employed to reduce IR heating. The cell was
sealed with CaF, windows. The photo reactor cell was
manufactured by Finkenbreiner and held on a pastic translation
stage spray painted black and assembled in the Tufts University
machine shop.
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solution. To track fluctuations between experiments including energy output from the
light source, a single compartment was loaded with undoped TiO, as a reference.
Expoxy was used to seal UV grade silica windows onto the cell. The measured energy

output from the source was 750+ 5 W/m? for all Fe-TiO, samples.

TOP VIEW FRONT VIEW

Figure 4.2: Front and top view of the photo reactor used in
photocatalytic experiments. The cell a holder was assembled
from plastic and spray painted black to limit scattering. (Note:
The cell is assembled without epoxy in the photo.)

Nanoparticulate solutions were irradiated for 30 minutes prior to the addition of
liquid methanol to eliminate contaminants adsorbed on the TiO, surface The reference
arm was saturated with oxygen gas (ultrahigh purity, Airgas East). Iron-doped
nanoparticles were saturated with oxygen or nitrogen (ultrahigh purity, Airgas East) as
noted within the data. Each kinetic experiment was run for 100 minutes with aliquots
collected at ten minute intervals. For nitrogen-purge experiments, irradiation was stopped
during the addition of methanol and the solution was purged for an additional 20 minutes

to remove residual oxygen dissolved in the methanol prior to restarting irradiation.
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Formaldehyde analysis followed a modified EPA standard protocol which is
useful in detecting short chain aldehydes (C;-Cl,0) at a detection limit of 1ppb.” The
following materials were used without further purification: sodium hydrogen phosphate
(Fisher  Scientific, ACS grade), (2,3,4,5,6-pentafluorobenzyl) hydroxylamine
hydrochloride (PFBOA) (Sigma Aldrich, 99.0%), difluorobenzene (Sigma Aldrich, 98%),
hexane (Fischer Scientific, ACS grade) and 1,2-difluorobenzene (Sigma Aldrich, 98%).
After irradiation, sample aliquots were treated with 0.75 M sodium hydrogen phosphate
to neutralize and precipitate particles for at least one hour. The mixture was centrifuged
for 5 minutes. The solutions were not centrifuged for more than the indicated time given
the possibility of heating upon longer centrifuge times. A 0.4 ml sampling of the
supernatant solution was transferred to a glass vial, and 2.5 ml PFBOA (0.2 g/L) added.
The PFBOA-H,CO complex was allowed to equilibrate for 8 hours. The resulting
complex is extracted by solvent exchange. A 1 mL volume of hexane spiked with 1,2-
difluorobenzene that served as an internal standard was added to the glass vial with
PFBOA and supernatant solution. A separate organic and aqueous layer were visible after
the addition of hexane.The vials are shaken three separate times for three minutes and
allowed to settle after mixing. After the exchange, 0.5 mL of the complex was removed
from the glass vial and transferred to a 2.0 mL standard Restek GC-MS glass vial with
blue cap and white septa (catalog # 21140). Sterilized disposable glass pipettes were used

for transfer due to the incompatibility of hexane and plastic syringes.
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Figure 4.3: GC MS Print Screen showing internal standard, 1,2-
difluorobenzene, at 1.4 minutes and formaldehyde — PFBOA complex
at 6.6 minutes. Peaks areas are obtained and ratios are recorded for
further analysis.

The complex was analyzed with gas chromatography mass spectrometry (GCMS)
(Shimadzu model 17A QP5050A MS with Shimadzu CI-50 negative ion detector);
parameters include an injection temperature of 250 °C and an interface temperature of
200 °C. The initial oven temperature was held at 50.0 °C for 2.00 minutes before being
ramped to 105 °C at 7.0 degrees/min. The helium carrier gas (Airgas East) flow was set at
84.4 mL/min and detector voltage was 1.5 kV. Charge-to-mass ratios 88, 93, 99, 111,
117, 161, 167, 181, and 182 were analyzed. The internal standard shows a peak at ~1.4
minutes with the oxime/ PFBOA-H,CO complex eluting from the column at 6.8 minutes.
A chromatograph is included is Figure 4.3. All experiments were conducting in

succession to take advantage of instrument stability and tuning conditions.
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Peak areas from each spectrum were collected and copied to an excel file. The
resulting complex peak area was divided by the internal reference and graphed versus
time. A calibration curve was constructed using paraformaldehyde dissolved in 0.3125
g/L TiO, solution. The resulting samples were then prepared and analyzed as regular
samples and a calibration curve was created to update the initial graph to formaldehyde
concentration production. The calibration curve used for Fe-TiO, solutions is shown in

Figure 4.4

m Oxime/Internal Standard Ratio
Linear Fit of P

3.0 1

2.5

2.0

1.5+

Equation y=a+b'x
Weight No Weighting
Residual Sum 0.00781
of Squares
Pearson's r 0.99952
Adj. R-Square 0.99891
Value  Standard Erro
Intercept 0.01493 0.01601
Slope 0.02945  3.43924E-4

1.0

0.5

P

0.0~

0 20 40 60 80 100
Formaldehyde Concentration (ppm)

Oxime/Internal Standard Ratio

Figure 4.4: Calibration Curve prepared using paraformaldehyde
dissolved in a 0.3125 g/L TiO, solution. Samples were prepared
and analyzed for GC in similar fashion to kinetic experiments.

4.2 Results: Photocatalytic Oxidation

Photo-oxidation
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As previously mentioned, introducing defects into metal oxides to increase photo
efficiency has produced inconsistent results within the literature.””™* A primary objective
of this work was to synthesize nanoscale particles that were reproducible from batch to
batch and comparable in implementation. A critical step in the synthesis process was the
introduction of TiCly hydrolysis of the solution at 0 °C which limited the growth of the
nanoparticle to ~2nm in diameter. This is in contrast to most procedures reported within
the literature that sinter or use other high temperature treatments. For experiments, the
dual cell photoreactor allows for run-to-run comparisons due to one arm consistently
functioning as a reference. Simultaneous irradiation ensured that both the sample and

modified catalyst were exposed to an identical flux of photons from the light source. This
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Figure 4.5: Broad band irradiation photo kinetic experiment. Undoped, 0.5% and 1.0%
Fe-TiO, were irradiated with a 1000W xenon lamp in order to photo activate the
oxidation of methanol in solution. 1.0% Fe-TiO, had an increase 2 times that of
undoped TiO, while 0.5% increased by almost a factor of three. Oxygen was bubbled
through both sides of the photoreactor. Reproduced with permission from Langmuir,
2012, 28, (49), 16933-16940. Copyright American Chemical Society.
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work uses photocatalytic oxidation of methanol to formaldehyde to evaluate photo
efficiency. Reactions were run in a photon-limited regime in order to directly compare
photon to oxidation conversion. Solutions were saturated with the catalyst and the
catalyst surface was saturated with methanol. Product concentration was thus linear in

time as shown in Figure 4.5 which gives the results of a typical kinetic run.

As previously reported,® Fe-TiO, (black squares and red circles) is more efficient
than undoped TiO, (green triangles). A comparison of doping levels resulted in an
observation of increased efficiency in 0.5% Fe-TiO, over 1.0% Fe-TiO, and undoped
TiO,. In comparison to the undoped catalyst 0.5% Fe-TiO, was 2.95 times more efficient
in formaldehyde production in 100 minutes. The 1.0% Fe-TiO, was 1.8 times more
efficient than the undoped catalyst. Comparing the two doped catalyst directly to each

other exposed a 1.5 times efficiency of the half percent catalyst over 1.0% Fe-TiO,.

The remainder of this results section presents data that separates efficiency due to
the boost resulting from extension of the absorption into the visible region from that due
to greater efficiency with UV photons. Additional characterization data has been included

to provide insight on the reaction mechanism.

A main goal of modifying the titanium oxide catalyst begins with extending the
absorption of photons into the visible spectrum. An analysis of the UV-vis spectrum
indicated a shift towards the visible region. Therefore, experiments were constructed to
sparate the boost in photo efficiency from absorbed visible photons from the contribution

of UV photons on formaldehyde production.
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Figure 4.6: A short band pass filter only allowed light between 360 to
385 nm in the irradiation of Fe-TiO; catalysts for methanol oxidation.
0.5% Fe-TiO, is more than 3 times efficient with the use of UV
photons of undoped TiO,. Reproduced with permission from

Langmuir, 2012, 28, (49), 16933-16940. Copyright American
Chemical Society.

As mentioned in experimental methods, a short pass filter was selected to perform
UV experiments. The short-band-pass filter (360 nm to 372 nm: just greater than the bulk
anatase band edge, 387 nm) transmitted less than 1% for wavelengths longer than 375
nm. With the short-pass filter, only photons above the undoped band gap were
transmitted. The data in Figure 4.6 indicates that with UV irradiation both 0.5% and 1.0%
Fe-doped TiO, have increased efficiency (by a factor of 2.88 and 1.88) relative to
undoped TiO,. Note that the short-band-pass filter also reduced the UV flux which is

reflected in the decreased reaction rate for TiO,. It should be noted that the overall
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Figure 4.7: A long pass filter allowed light greater than 400 nm to irradiate
nanoparticles in solution. 0.5% Fe-TiO, is more efficient than 1.0% and undoped
Ti0,. Reproduced with permission from Langmuir, 2012, 28, (49), 16933-16940.
Copyright American Chemical Society.

decrease in formaldehyde production is a product of reduced flux and is reflected in the
reduced reaction rate for undoped TiO,. Nonetheless, the dual arm reactor enables a
direct comparison. Both 1.0% and 0.5% Fe-TiO, are more efficient than is undoped TiO»;
thus, doped particles utilize ultraviolet photons more efficiently than do undoped

particles.

As a wide band gap material, TiO, absorbs very little visible light. A main objective
is this work includes the extension of the band gap into the visible region of the spectrum.
To characterize the visible-light oxidation efficiency, a 400 nm edge filter was used. At
400 nm, the absorbance of undoped TiO, is less than 5%. As a result (Figure 4.8) the

undoped TiO, formaldehyde production is almost non-existent. In contrast, 0.5% Fe-TiO,

42



is much more efficient than is undoped TiO,. Note that the production rate is less than
3% of the UV photo-oxidation rate. Hence, visible photons are not very effective. Adding
visible photons to UV photons provides only a miner boost relative to UV only
irradiation. Further analysis of both UV and visible data reveal that 0.5% Fe-TiO, is

consistently more than 1.5 times more efficient than 1.0% Fe-TiO,.

The Role of Oxygen
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Figure 4.8: Nitrogen purging almost completely quenches the
oxidation of methanol in aqueous solution for iron doped TiO,.
Reproduced with permission from Langmuir, 2012, 28, (49),
16933-16940. Copyright American Chemical Society.
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Figure 4.9: Nitrogen and Oxygen purging of TiO,. Methanol oxidation is not
quenched when oxygen is not present in solution although formaldehyde
production is decreased by almost 25%. TiO, possibly stores the electron or
reduces water when stirred with N,. Reproduced with permission from

Langmuir, 2012, 28, (49), 16933-16940. Copyright American Chemical
Society.

The above-mentioned results indicate that iron-doping primarily leads to greater
UV, photon-to-oxidation conversion. To gain insight into the steps of the oxidation
affected by iron, formaldehyde production was monitored when the arm containing doped
particles was purged of molecular oxygen using nitrogen gas (Figure 4.6). TiO; in an
oxygenated solution served as the reference. Doping with iron causes a strong sensitivity
to molecular oxygen. In contrast,(Figure 4.9) undoped TiO, in both arms; one purged
with nitrogen the other an oxygen-saturated solution shows that undoped TiO, is nearly
insensitive to the presence of molecular oxygen. This result suggests that there is a

change in mechanism on doping, a change that is discussed in the next section.
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4.3 Discussion: Photocatalytic Oxidation

Four significant conclusions are apparent from the data reported; (1) the photo-
oxidation mechanisms for undoped and iron—doped TiO; result in differing pathways for
the photo-generated electron. Oxygen is required for the oxidation to proceed when the
catalyst is doped with iron. In contrast, undoped TiO, is insensitive to the presence of
molecular oxygen. Two possible suggestions for this observation could be that undoped
TiO, either reduces water, stores the electron or both. In addition, (2) a new interband
state has been identified through the observation of fluorescence from the 785 nm
excitation used in Raman analysis. This interband state provides efficient electron-hole
pair recombination. Further (3) increased formaldehyde production is due to a double
boost: the primary boost is the more efficient use of UV photons and the secondary boost
comes from absorption in the visible region. Finally, (4) 0.5% FeTiO, is a more efficient

photocatalyst than is the 1.0% doped catalyst.

Discussion of the photo-oxidation mechanism is aided by reference to Figure 1.6.
Absorption of a photon generates a conduction-band electron (e’) and a valence-band hole
(h"). Electron-hole pair recombination results in degradation of the absorbed photon
energy. For productive oxidation, the two charge carriers separate (step II) and the hole is
rapidly neutralized up by an electron donor that is thus oxidized (step III). Recycling the
catalyst requires an oxidant to pick up the electron (step IV). The data reported here
supports a picture in which the fate of the electron (step IV) differs for doped and

undoped Ti0O,. The key data is illustrated in Figure 4.5, Figure 4.6, and Figure 4.9
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The data illustrated in Figure 4.5 for doped TiO, show that the presence of
oxygen boosts the reaction rate by 30% compared with a nitrogen-purged solution. Since
neither arm shows saturation or quenching, methanol scavenges the hole in accordance
with the existing picture.*® In the absence of molecular oxygen, there are two destinations
for the electron: stored®’ or used in water reduction.” In the presence of molecular
oxygen, additional electrons are picked up and the reaction rate is boosted. From the data,
the destination for separated electrons are stored, reduce water or are transferred to
molecular oxygen. This picture changes drastically when the particles are iron doped. In

contrast to the case for undoped TiO,, the data illustrated Figure 4.6 show that in the

With Molecular Oxygen Without Molecular Oxygen

onduction Band (-0.33) onduction Band (-0.33)

0.0 H*/H, (0) 0.0 H*/H, (0)
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Fe'* Felt (+0.771)

,CO /CH,OH (+0.97)

Fe't /Fei (+0.771)
1.0 ,CO /CH,OH (+0.97)

1.5 ul+ 1.48)

Reduction Potential
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2.0 2.0

2.5 2.5

3.0 3.0
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Figure 4.10: Proposed electronic states of iron doped TiO, with and without oxygen. In the
presence of oxygen the localized electron on Fe is transferred to the electron scavenger of
O, and CH3OH is oxidized into H,CO. However upon the depletion of O, from the system,
the interband state at 1.48 eV is no longer available and recombination takes places at the
Fe®/ Fe*' site where the electron is localized.
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absence of oxygen, formaldehyde production is nearly quenched for Fe-TiO,. Two
conclusions immediately follow. First, Fe-TiO, lacks the potential to reduce water,
consistent with electron localization on Fe*". Second, electrons trapped on iron rapidly
recombine with holes, again, illustrated in Figure 4.7. Further, localization-recombination
occurs faster than hole transfer to methanol. In accordance with the picture that defects
(dopants) act as recombination sites, in the absence of oxygen iron suppresses photo-
oxidation efficiency. Supplying molecular oxygen (Figure 4.5) provides a destination for
the electron. Further, electron transfer to molecular oxygen must occur on a time scale
faster than recombination since, as noted above, recombination outcompetes hole

transfer.

The fluorescence in the Raman spectrum with 785 nm excitation augments the
above-presented oxygen-sensitivity picture. The fluorescent state is located as follows.
Fluorescence is centered at 430 cm™ red of the excitation, i.e. at 811.7 nm or 1.53 eV.
The valence band of TiO; is located at a reduction potential of +3.01 eV; this is the
potential of the photo-generated hole. With electron-hole pair recombination producing a
1.53 eV photon, the state is located at a reduction potential of 1.48 eV. This state is
shown schematically in Figure 4.7. Combining the fluorescence picture with the oxygen
sensitivity produces the following flow for the electron. (a) Band gap excitation lifts the
electron to the conduction band (-0.33 eV). (b) The electron is rapidly trapped by Fe
(+0.771 eV). (c) If molecular oxygen is present, the electron reduces oxygen ultimately
producing water (+1.229 eV); the hole oxidizes methanol to recycle the catalyst. (c’) In
the absence of oxygen, the Fe’"/Fe*" trapped electron relaxes to an interband state (+1.48

eV) and combines with the valence band hole producing a 811.7 nm photon and recycling
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the catalyst. In case c, electron transfer from methanol to surface adsorbed molecular
oxygen is both fast and efficient rendering the iron-doped catalyst nearly three times as

efficient as the undoped catalyst.

4.4 Conclusion: Photocatalytic Oxidation

The key result of this work is that low level, 0.5%, iron doping alters the photo-
oxidation mechanism of TiO;. Iron-doped particles require molecular oxygen to receive
the photo generated electron. In the absence of oxygen, iron acts as a recombination site
completely quenching oxidation. Quenching is very rapid: more rapid than hole transfer.
In contrast, undoped TiO; rapidly transfers the hole to an electron donor and either
sequesters the electron or stores it in a diffuse state. Extension of absorption into the
visible due to iron doping, adds only slightly to the oxidation efficiency. This scenario is
in contrast to the common motivation for doping: to extend the band gap into the visible
region. Indeed, at low doping levels the primary effect of iron doping is not band-gap
extension, but rather introduction an interband state that effectively traps the electron.
Iron also enhances electron transfer to a newly identified interband state at 1.48 eV. An
electron in the 1.48 eV state combines with the valence band hole to produce

fluorescence at 811.7 nm.

Use of ultranano particles that produce consistent results plus a dual-arm reactor
that enables facile comparison of catalysts by matching irradiance, facilitates unraveling
the electron path. Irradiance matching is particularly important for the band-pass and
edge-filter experiments. These experiments demonstrate that absorption in the visible

region boosts oxidation, but only slightly. Indeed, increasing iron doping to enhance the
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visible absorption is deleterious to photo efficiency. The optimum doping level appears to
be connected with solubility of iron in TiO,: the solubility limit is 1.0%.**Above the
solubility limit, a separate Fe,O3; phase forms and this phase is detrimental to oxygen
activation. Consistently, these results show that particles doped at 0.5% outperform those
doped at 1.0%. Quantitatively, the 0.5% Fe-TiO, nanoparticles increase the reaction rate
for oxidation of methanol to formaldehyde by a factor of 2.95; 1.0% Fe-TiO, by only a
factor of two. Of the factor of 2.95, 2.88 is due to increased efficiency for utilization of
UV photons. The remaining smaller factor is due to extension of the band edge into the
visible region. This suggests that there is more room for improvement in the shorter

wavelength region.

The key result of this work concerns the mechanism of the photo-oxidation: Fe-
TiO, utilizes molecular oxygen as an electron acceptor while undoped TiO, reduces

water or store the electron.
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5 Gold Doped Fe-TiO,

In the absence of oxygen, an interband state becomes a recombination site which
quenches oxidation reactions for Fe-TiO, photocatalytic reactions. This observation
revealed differences within oxidation mechanisms for doped and undoped nanoparticles
specifically those with iron. To summarize, Fe-TiO, photocatalyst require oxygen to
oxidize methanol in solution. Oxygen depleted environments are detrimental to the
methanol oxidation reaction due to the absence of an electron acceptor. However in the
presence of oxygen, kinetic results show an almost three fold photoactivity increase in
0.5% iron —doped TiO, nanoparticles. The goal of the next phase of experiments was to
dope or decorate the more active catalyst to further increase photo efficiency. Single
atoms of gold were chosen to adsorb the surface specifically due to its electronegative

characteristics and possible optical enhancements in terms of visible light absorption.

5.1 Sample Preparation

Inorganic 0.5% iron (III)- doped TiO, nanoparticles were used in the photo
reduction of gold atoms for surface deposition. A modified procedure was taken from the
literature.*” To begin, a 0.03125 g/L solution of Fe-TiO, was prepared. The solution was
irradiated and purged with O, for 30 minutes. During initial irradiation, a 25 mL
stoppered flasks of methanol (CH;OH) and 1.25 x 10® mM gold (III) chloride trihydrate

(HAuCly * 3H,0, MW 393 g/mol, Sigma Aldrich) solutions were purged separately with
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N,. After the initial cleaning, the O, line was then replaced with N, gas. An additional 30
minutes was allowed for purging before the addition of 0.2 mL of N, bubbled CH3;0H to
the reactor. The solution was continuously stirred with N, for an another15 minute time
period before 15 pL of the gold solution (3.125 x 10 mol Au) was added. Aliquots of
solution were taken before the gold precursor was added to monitor formaldehyde
production. Samples were taken every ten minutes after the addition of gold for a total of
120 minutes. The procedure was repeated to (1) deduce the amount of Au (IIT) necessary
to “decorate” the nanoparticles with single atoms of gold and (2) allow the collection of
statistical data. Gold deposition of single atoms was dependent upon having an oxygen
free environment and limiting the amount of gold introduced to the system. The
agglomerations of gold particles led to the development of colloidal gold which produced
a pink to purplish color. Completed experiments were conducted on transparent solution

that were colorless or slightly yellow.

5.2 Photocatalytic Experiment: Au-Fe

The production of formaldehyde was monitored for the photo reduction of gold
before the photocatalytic experiment proceeded. The deposition of Au (III) atoms took
place for 80 minutes before an observation of saturation within the data. Aliquots of the
irradiated solution were then taken and analyzed for formaldehyde. The concentration of
formaldehyde was assumed to correspond directly to the photo reduction of gold in a 1:1
2-electron reaction. The initial formaldehyde concentration was subtracted from the

formaldehyde produced within the actual kinetic experiment.
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Gold Doped Fe-TiO2

After the photo deposition of gold onto the particle surface, N, purging was
replaced with O; to begin the measurement Aliquots were taken every ten minutes and
solutions were derivatized and prepared for GC analysis. Sample preparation and analysis

were identical to the procedures outlined in section 4.1 taken from EPA standards.®

5.3 Results
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Figure 5.1: UV-Vis spectrum of gold (III) trihydrate in 18 MC nanopure
water.

UV-vis data was collected for the HAuCls * 3H,0O solution with and without
doped nanoparticles in solution. Characterization was done with the initial objective of
monitoring a signature Au’" contribution within the spectrum as it transitioned to Au'"
The limited concentration of Au used during experiments did not allow for tracking.
Therefore, the EPA standard method for formaldehyde analysis was performed. An
observation of gold (III) trihydrate in solution showed an absorption peak at 300 nm with

absorption into the visible cutting off around 450 nm as shown in Figure 5.1.
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Gold Doped Fe-TiO2

Au photo deposited on the surface of the 0.5% Fe-TiO, nanoparticle does not
display peak absorption at 300 nm. However, the addition of gold in very limited

concentration (3.125 x 107 mol solution) yields an increase into the visible region

specifically when compared to undoped TiO; and 1.0% Fe-TiO..

= Au-Fe-TiO2
TiO,

= 1.0% Fe-TiO,

Absorbance
© ©O O O O =~ = =
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Figure 5.2: UV-vis comparison of Au-Fe-TiO,, TiO,, and 1.0% Fe-TiO,

solutions. The gold doped solution reveals further absorption into the visible
spectrum.

A further characterization analysis is necessary for particles. Rotary evaporation was
conducted immediately after irradiation. Unfortunately, drying of the solution left a light
film on the round bottom flask that was not removable without re-wetting. Rotary

evaporation of the solution also led to an agglomeration of gold particles and a purplish

film was observed at the end of the process.
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Figure 5.3: Gold reduction and photo deposition onto the Fe-TiO; surface.
Fe-Ti0O, was purged of all O; in solution using N, gas. N, bubbled HAuCly
was introduced via micro-pipette to the solution. Aliquots were taken to
monitor deposition.

Gold was introduced to a methanol/ Fe-TiO, solution in an oxygen-depleted
environment. A 1000 W broadband xenon lamp irradiated the solution before and after
the addition of the noble metal. Aliquots were taken every ten minutes to measure
formaldehyde production, which was a result of a 2 electron reduction of gold and an
oxidation of methanol. An aliquot was taken before the addition of gold to ensure

formaldehyde production was not a function of oxidation from the metal oxide. Given
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Gold Doped Fe-TiO2

previous results for Fe-TiO, under nitrogen purging any oxidation of methanol was
attributed to the single atoms of gold in solution. Observations of Figure 5.3 reveal a
linear regime for the first 80 minutes of the reaction. After 80 minutes, the reaction
reaches saturation denoting the loss of Au’" available. An average of 6 ppm of
formaldehyde produced within the time period, giving a rate of 1 ppm of formaldehyde

every 13.3 minutes. The starting ratio of Au to Ti was 1 gold for every 300 Ti atoms.
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Figure 5.4: Photocatalytic oxidation of methanol after Au have
been photo reduced onto the surface of Fe-TiO, The output
energy of the lamp was 440 W/m? which is reflected in the

decrease in formaldehyde production for TiO,. Gold decorated
Fe-TiO; is 2.2 times more efficient than undoped TiO».

Photo activity

Similar to the Fe-TiO; kinetic experiments, aliquots were taken every ten minutes

for a total of 100 minutes after photo deposition of gold onto the surface of 0.5% Fe-
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TiO,. Oxygen was then introduced to the solution and methanol was added to an
irradiated TiO, reference. Figure 5.4 shows the concentration of formaldehyde produced
over time in comparison to undoped TiO,.The photo efficiency is 2.16 times more
efficient than the undoped catalyst. The gold doped catalyst produced 29 ppm of

formaldehyde in comparison to 13.5 ppm for TiO5.

Figure 5.5 showed the decrease in photo activity over time for Au-Fe-TiO,. At the
beginning of the experimental process formaldehyde was produced 8 times higher than
the TiO,. However, within the first hour of the reaction the initial boost of activity
dissipated and the Au catalyst did not have as much of a significant production over the

undoped catalyst. In short terms, there was a deactivation of the catalyst over time.

It should be noted that the results of these kinetic experiments were done with a
lamp of decreased flux. Output measured 440 W/m® in comparison with an output
reading of 770 W/m? irradiation during Fe-TiO, experiments conducted in the previous
section. Therefore, the amount of formaldehyde produced is significantly lower in

comparison with Fe-TiO; results due to decreased intensity.
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Figure 5.5: Ratio of formaldehyde production over time for TiO, versus
Au-Fe-TiO,. As shown in the graph, the activity of Au-TiO, decreases
over time which supports previous findings of gold catalyst poisoning
over time.

decreased intensity of the xenon lamp.
5.4 Discussion and Conclusion

Including single atoms of gold on the surface of Fe-TiO; has lead to significant
observations. The first is that the inclusion of gold does not increase photo efficiency and
may in fact deactivate the catalyst. The decrease in photo activity in comparison to
undoped TiO; is apparent in Figure 5.4 and Figure 5.5. The first graph shows the
production of formaldehyde is 2.16 times more efficient than the undoped catalyst
however iron-doped TiO, on its own has an efficiency almost three times that of TiO,.
The activity has decreased by 25%. Second, Figure 5.5 details the initial activity of gold
at almost 8 times more productive than TiO,. Over 50 minutes this activity decreases

until it reaches a steady rate. This indicates a deactivation of the catalyst which is
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consistent with some findings within the literature for doping with metal ions.*® %

Alternately, the solution being analyzed goes from being oxygen depleted to oxygen rich
very quickly. Although iron in the absence of oxygen forms a competitive recombination
site as reported in section 4, gold particles may store excess electrons that reach

equilibrium within the first 50 minutes of oxygen purging.

A second observation: the methanol oxidation reaction is not quenched due to the
inclusion of gold atoms even though Au atoms are much larger in size than iron and
titanium atoms. This signals that gold does not block iron from adsorbing oxygen and
transferring electrons gold could in this case be an active center which allows the catalyst

to form a support.”!

Looking at the UV-vis spectrum of gold it would be logical to conclude that gold
introduces a boost in efficiency due to visible absorption of photons. However visible
photo catalytic experiments have also shown observations of little to no increase in

activity for atoms deposited on titania. *>

Upon rotary evaporation, nanoparticulate solutions with gold do not dehydrate into
dry particles capable of being re-dissolved or analyzed using Raman spectroscopy.
Therefore analysis of the change in facets or morphology were not available. However, a
speculation could be made that gold atoms are either still in solution or weakly adsorbed
to the surface due to the formation of colloidal gold upon drying. The thin film left on the

drying round bottom flask is transparent yet slightly purple in color.

The decline in photo activity coupled with the increase in absorption into the

visible spectrum further emphasizes the argument that visible absorption may not be as
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important to the increase in photo efficiency which has often been a popular conclusion
in the race to increase the photo activity of TiO,. The objective of photo reactions should
focus on the utilization of the photons that photo excite electrons within the current
limitations of the particle. Further in depth analysis and observations on how to decrease

the number of recombinations of electron hole pairs must be an primary objective.
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Summary

6 Summary

This project is a perfect melding of disciplines in terms of environmental, inorganic,
and physical chemistry. The overall goal was to improve the photo efficiency of
photocatalytic semiconductor TiO, so that it may eventually be immobilized onto an

apparatus and used within a waste water remediation reactor.

Ultranano anatase phase TiO, particles were synthesized at room temperatures from
TiCly and fully characterized. Hydrolysis at 0 °C limits the size of the nanoparticle.
Organic precursors have been synthesized and characterized as well. Inorganic particles
were the main subject of this work due to their initial success as photocatalyst in
comparison to fully characterized undoped TiO,. UV Vis spectra showed a slight increase
in the visible spectrum for all doped particles (Fe and Au). In terms of MicroRaman
analysis, particles are anatase in morphology even in the presence of transition metal
dopants. The exposed facets of the anatase particle do not changed based upon the
amount of iron included in synthesis. The size of the nanoparticles were calculated based
on the Brus model and found to have a diameter of ~2 nm. This method provides an
alternative to imaging and diffraction techniques which often are not able to characterize

smaller particles.

A photocatalytic reactor was devised and experimental procedure conducted to
directly test the photoactivity of Fe-doped TiO,. Both 0.5% and 1.0% Fe-TiO,
nanoparticles were more efficient in the oxidation of methanol than undoped TiO,. Three

experiments were conducted to test the photon absorption of the particles. A broad band
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Summary

irradiation was performed to examine overall production of formaldehyde at highest
energy output. A short band irradiation examined the use of UV photons by the catalyst.
Visible irradiation examined whether increased absorption of photons in the visible
spectrum was beneficial to the success of a more efficient catalyst. Under all conditions
0.5% Fe-TiO, was most efficient in the oxidation of methanol. The addition of iron at
higher concentrations (such as 1.0%) may lead to a poisoning of the catalyst due iron
atoms coupling near each other on the surface and stabilizing through the localization of

electrons left by oxygen vacancies.

The role of oxygen in the oxidation process was explored through the use of nitrogen
bubbling in place of oxygen during experiments. As was seen in section 4, oxidation is
almost quenched for Fe-TiO, when O, is not available. This observation coupled with
fluorescence from Raman spectroscopy support the reporting of an interband state within
the band gap of TiO, at 1.48 eV. The absence of O, leads to a recombination at the
interband state measured as a one photon excitation of 0.5 eV (26 nm) dissipating in the

form of fluorescence.

Single atoms of gold were photo deposited on 0.5% Fe-TiO, to further increase the
photo efficiency of the photo catalyst. Results indicate that Au may deactivate the
catalyst over time and may also prevent oxygen from getting to the surface and more
specifically iron due to the decrease in photoefficiency from 2.88 to 2.16. In contrast Fe-
Ti0; has a steady rate of production when compared to TiO, and when each of the doped
counterparts are paired against each other. Further analysis of the photo deposited gold

must be conducted and revised to possibly make a more suitable catalyst.
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7 Future Work

Extended Photo catalytic Experiments

(D

2)

©)

(4)

The robustness and lifetime of inorganic TiO,particles should be investigated.
Experiments have been conducted on particles in a span of multiple hours but
never over days or weeks. The lifetime of the catalyst could be tested by
conducting photocatalytic experiments as outlined in this work. However, the
irradiated solutions would be saved and used again for another round of testing at
a later date or the catalyst could be removed from solution and re-dissolved to
perform the oxidation in a newly prepared environment.

The direct comparison of Degussa P25 to crystals synthesized in the lab should be
completed using the photo catalytic experiment implemented within the lab. P25
is a standard within the TiO, community. It would be pertinent to compare our
Ti0; anatase particles to large mixed phased TiOs.

We have hypothesized that superoxide is formed from the transfer of electron to
oxygen during the photo oxidation of methanol. Detection of O, using
benzoquinone would confirm the presence of the radical as well as further support
the mechanism that has been presented within this work.

Radicals of OH" may also be present within the oxidation scheme. Detection of

OH’ scavenger using t-butanol might prove beneficial as well.

Pump/Probe

Sum frequency generation (SFG) is a great tool for surface specific interactions.

Due to the small size of the nanoparticle, most if not all reactions occur on the surface for
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Future Work

TiO,. SFG has been used to study the adsorption of methanol on the surface.”® Setting
up a laser experiment that would not only probe the gas-solid interface but also monitor
the interaction of the adsorbed molecule as the catalyst is irradiated would provide great
insight to the scientific community and more information about the surface than any

characterization technique available.

Immobilization

A next step in the industrialization of TiO, for waste water treatment would be the
immobilization of the particle onto a surface. Nafion (C;HF;30sS . C,F4) is a synthetic
polymer that allows proton exchange through its membrane like material. Hydrolysis or
dialysis could be conducted across the polymer to complete the proton exchange in the
growth of the particle and increase of its pH and size. Particles of similar size to the
membrane pores could become trapped and stabilize within the material. Once particles

particles are trapped Nafion would become “doped” with titanium dioxide catalyst.
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8 Appendix

Side View

Y4 inch tube
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