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ABSTRACT

The mitigation and conversion of carbon dioxide (CO;) to more useful carbon
chemicals is a research topic that is at the forefront of current engineering and
sustainability applications. Direct photocatalytic reduction of CO, with water
(H20) vapor to C;1-C4 hydrocarbons has significant potential in setting substantial
groundwork for meeting the increasing energy demands with minimal
environmental impact. Previous studies indicate that titanium dioxide (TiO,)
containing materials serve as the best photocatalyst for CO, and H,O conversion
to higher-value products. An understanding of the CO,-H,0O reaction mechanism
over TiO, materials allows one to increase the yield of certain products such as
carbon monoxide (CO) and methane (CH,4). The basis of the work discussed in
this thesis, investigates the interaction of small molecules (CO, CH4,H,0) over
the least studied TiO, polymorph — brookite.  Using the Gaussian03
computational chemistry software package, density functional theory (DFT)
calculations were performed to investigate the adsorption behavior of CO, H-0,
and CH,4 gases on perfect and oxygen-deficient brookite TiO, (210) and anatase
TiO, (101) surfaces. The most geometrically and energetically favorable
configurations of these molecules on the TiO, surfaces were computed using the
B3LYP/6-31+G(2df,p) functional/basis set. Calculations from this theoretical
study indicate all three molecules adsorb more favorably onto the brookite TiO,
(210) surface. Diffuse reflectance Fourier transform infrared spectroscopy
(DRIFTS) was used to investigate the adsorption and desorption behavior of H,O

and CH; on Evonik P25 TiO,. Results from the experimental studies and



theoretical work will serve as a significant basis for reaction prediction on

brookite TiO, surfaces.
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CHAPTER 1: INTRODUCTION

1.1 CO, Mitigation and Conversion to Higher-Value Products

According to the International Energy Outlook 2011 (IEO2011) published
by the U.S. Energy Information Administration (EIA), global energy consumption
is expected to increase by 53 percent from 2008 to 2035." As illustrated in Figure
1.1-1, an exponential growth in energy demand is projected, where the global
energy consumption in 2008 and 2035 are 505 quadrillion British thermal units

(Btu) and 770 quadrillion Btu respectively.
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Figure 1.1-1 Historical and projected global energy consumption in Organization
for Economic Cooperation and Development (OECD) and non-OECD countries.

The power generation industry utilizes three types of sources - fossil fuels,
nuclear energy, and renewable energy.! At present, approximately 83 percent of
global energy originates from fossil fuels. Fossil fuels are non-renewable and

encompass a range of commodities: coal, crude oil, and natural gas. Upon
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Carbon Dioxide Emissions (billion Mt)

combustion, fossil fuels emit excessive amounts of particulate matter and various
polluting gases into the atmosphere, namely carbon dioxide (CO;). By definition,
CO; is classified as a greenhouse gas (GHG) pollutant that has a detrimental
effect on the environment and global climate. In light of this matter, the strong
correlation between anthropogenic activity (e.g. fossil fuel utilization), CO,
emissions, and global warming has been well established within the scientific
community.>® Based off of EIA projections, global energy-related CO, emissions
are expected to increase significantly (Figure 1.1-2) along with the increasing rate

of demand for fossil resources (Figure 1.1-3).!
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Figure 1.1-2 Historical and projected Figure 1.1-3 Projected global energy
global energy-related emissions. consumption by fuel type.*

The forecast for how long coal, crude oil, and natural gas resources will
meet the projected energy demands is a widely disputed topic. Nonetheless, there
is a consensus that the depletion of these resources is imminent (within decades).®
® The stronghold of fossil fuels in current global energy provision, as well as the

detrimental effect they have on the environment (CO, emissions) is a significant



issue in need of immediate focus and resolution. Carbon capture and storage,
CO, utilization in chemical processes, and CO; conversion to higher-value
products are ways in which CO, emissions can be mitigated.> *° Among the
aforementioned approaches, CO, conversion to higher-value products (such as C;-
C, hydrocarbons) serves as a practical means for not only mitigating GHG
emissions, but also addressing the forthcoming fossil fuel depletion crisis.** The
most commonly implemented methods used for CO, conversion to higher-value

products are shown in Table 1.1-4.24%°



Table 1.1-4 Summary of CO, Conversion to fuel methods

Technology Reaction Medium Products Advantages Challenges
. carbon monoxide suitable h'ghly endot_herml_c
Dry Reforming of . reaction, requires high
CO,/CH, C, hydrocarbons, conversion )
Methane hvdrogen officienc energy input, catalyst
ydrog y coking (deactivation)
energy efficient, mass transport
Electrochemical CO, saturated carbon monoxide, direct or indirect  limitations, short-term

Reduction aqueous solution formic acid, methane conversion, stability of catalyst and
inexpensive electrode material
. . catalyst cokin
carbon monoxide, suitable (dea)(itivati on)g
Hydrogenation CO,/H, ethanol, formic acid, conversion
methane, methanol efficiency
carbon monoxide, :r?:r%?/a:ggrgz
. . formic acid, . - low product yields
Photocatalytic Reduction CO,/H,0 vapor formaldehyde, (sunlight), direct

hydrogen, methane

conversion,
inexpensive




Among these methods, photocatalytic reduction of CO, in the presence of
water vapor (H20) is currently the most appealing due to its relatively inexpensive
cost and novel experimental setup.’>*® For example, sunlight — a continuous and
readily available source — is the only energy input needed to carry out many
photocatalytic reactions.’” Despite the various challenges associated with this
method (e.g. low product yields, poor understanding of reaction mechanisms,
etc.), direct photocatalytic conversion of CO, and H,O vapor to higher order
hydrocarbons is one of the most promising technologies to set substantial
groundwork for meeting the increasing energy demands with minimal

environmental impact.*® *°

1.2 Metal Oxides in Photocatalysis

Photocatalytic activity can be exhibited by a wide variety of materials —
primarily semiconducting metal oxides.'” The surface of a metal oxide consists of
an ordered assortment of Lewis acid-base centers in which metal cations (M"") are
bounded to oxygen anions (O%). Metal oxides with semiconducting properties
contain free electrons which help to facilitate chemisorption and reduction-
oxidation (redox) reactions of organic molecules.?’ Photocatalytic reactions over
a semiconducting metal oxide are initiated by the absorbance of ultraviolet (UV)
or visible photon energies equal to or greater than the metal oxide’s band gap.
Upon photon absorption, a valence band (VB) electron is promoted to the
conduction band (CB) — thereafter, moving freely throughout the metal oxide’s

lattice.  The promotion of an electron to the CB generally leads to reduction



reactions; in which the generated electron can react with electron-acceptor groups
or molecules present on the metal oxide’s surface. Likewise, the electron-hole or
unoccupied electron state in the VB can react with electron-donor groups or
molecules present on the metal oxide’s surface — resulting in oxidation

reactions.?

A"

Photo-reduction Q CB

A _A
W' /D
G ) _ve

Photo oxidation

Figure 1.2-1 Schematic of photocatalytic activation of a semiconductor. CB:
conduction band; VB:valence band; A:electron-accepting species; D:electron-
donating species.?* %



CHAPTER 2: PHOTOCATALYTIC CONVERSION OF

CO, TO FUELS

2.1 Conversion of CO, and H,0 to C;-C, Hydrocarbons

A 1972 published study by Fujishima et al. investigated the photo-splitting
of H,0 at a semiconductor electrode.?* Among the various oxide semiconductors
that were utilized in this study, the titanium dioxide (TiO;) electrode
demonstrated the best ability to induce electrochemical photolysis of H,O. The
basis of this research demonstrated that H,O could be decomposed by visible light
into oxygen and hydrogen products. By way of this research, the following

reaction schemes were established:

(1) TiO, +2hv>2e +2h*
) 2h* +H,0 >0, + 2 H'
(3) 26 +2H" > H;

Overall Reaction:

() Hzo+2hve§oz+H2

Since the discovery of the photolysis of H,O on TiO,, photocatalysis
research has expanded significantly. For instance, the production of fuels by way
of photocatalysis has been a predominant area of interest.* In 1979, Inoue and
collaborators were the first researchers to experimentally demonstrate

photoelectrocatalytic  reduction of CO, to organic compounds using



photosensitive semiconductor powders.?® Gallium phosphide (GaP), titanium
dioxide (TiO,), tungsten trioxide (WQOs3), and zinc oxide (ZnO) were among the
various photocatalysts used to carry out the CO, reduction reaction and produce
products such as formaldehyde (HCHO), formic acid (HCOOH), methanol
(CH3OH), and methane (CH4).?" In addition to the Inoue et al. study, extensive
research with regard to CO; photocatalytic reduction to other valuable products
has been conducted (as shown in Table 2.1-1). The predominant research studies
have demonstrated that TiO, containing materials serve as the most suitable

photocatalysts for carrying out this reaction.



Table 2.1-1 Review of CO; (with H,O vapor) photocatalytic reduction reactions

Light Source Photocatalyst Products Reference
uv TiO, loaded zeolite methanol Anpo et al.?’
uv Ti containing SiO; film methane and Ikeue et al.?®

methanol
UV laser carbon
~ Ti-silicalite molecular sieve monoxide Ulagappam et al.?®
(A=266 nm)
formaldehyde
methane,
uv TiO, powder hydrogen, Tanetal®
carbon
monoxide
methane,
uv TiO, (P25 Degussa), ZrO, ethane, carbon Loetal. 3
monoxide
uv . ethanol, . 32
(A=365 nm) MW-CNT supported TiO, formic acid Xia et al.
uv . . . 33
(A=365 nm) Ag/Cu-TiO, coated optical fiber methanol Wu et al.

natural sunlight

Cu, Pt co-catalyzed N-doped TiO; nanotubes

methane, other
alkanes, olefins,
Br-paraffins, H,
carbon
monoxide

Varghese et al.>




0T

visible light
(A=420 nm)

CdSe/Pt/TiO, heterostructure

methane,
methanol,
carbon Wang et al.*®
monoxide,
hydrogen




2.2 Properties of TiO,

There exist three polymorphic forms of TiO,: anatase, brookite, and rutile.
Anatase and rutile share the same tetragonal modification; wherein, chains of
TiOs in an octahedral configuration share corners.®® *” On the contrary, brookite
is orthorhombic in structure and has longer Ti—O bond lengths than anatase and
rutile. In all three forms of TiO,, each O atom is coordinated to three Ti atoms

and Ti atoms are coordinated to six intermediate O atoms.®

Table 2.2-1. Crystal structure data of TiO, polymorphs®®

Anatase Brookite Rutile
Lattice Constants (A) a=b=23.784 a=9.184 a=b=4.5936
c=9.515 b =5.447 c = 2.9587
c=5.145
Ti—O bond length (A) 1.937 1.87 ~2.04 1.949
1.965 1.980
O—Ti—O bond angle 77.7° 77.0 ° ~105° 81.2°
92.6° 90.0°

11



Figure 2.2-2 TiO, polymorphs: (a) anatase (tetragonal), (b) brookite
(orthorhombic), (c) rutile (tetragonal); Ti atoms in green, O atoms in red.
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Various literature suggest anatase, brookite, and rutile have estimated
band gap energies of 3.24 eV, 3.27 eV, and 3.03 eV, respectively.”® Among the
three polymorphic structures of TiO,, rutile is considered the most stable phase
under ambient conditions; whereas anatase and brookite are metastable in
nature.®  According to literature, anatase is the most extensively studied
polymorph of TiO; that exhibits high photocatalytic activity and selectivity and
responds to a UV wavelength of approximately 382 nm.** Moreover, theoretical
and experimental surface studies have shown the anatase TiO, (101) interface to
be the most commonly exposed and thermodynamically stable surface for this
polymorph.

Rutile has excitation wavelengths extending into the visible light range at
410 nm. However, rutile’s photocatalytic activity is much less than that of
anatase.*® **  Among the various rutile facets, the rutile TiO, (001) and (110)
surfaces are the most photocatalytically active and thermodynamically stable,
respectively.*> * Brookite is the least studied phase of TiO,, partly due to past
difficulties in creating pure brookite samples.** ** Brookite responds to a much
shorter UV wavelength (372 nm) than that of anatase and rutile. In spite of its
high activation energy input, brookite exhibits more photocatalytic activity than
the anatase and rutile phases of TiO,. The (210) surface is the most commonly
exposed and stable facet of brookite TiO, that has a similar structural building as
that of the anatase TiO, (101) surface.*® Moreover, recent studies in the literature
indicate the brookite TiO, (210) surface is more reactive than the anatase TiO,

(101) surface.*

13



Practical applications of single-phase TiO, materials are significantly
limited due to a variety of challenges. The main challenges include: low
utilization of solar energy (due to wide band gaps) and rapid recombination of
electron-hole pairs.*  Various methods outlined in the literature have been
implemented to address these challenges. For example, the development of
mixed-phase TiO, nanoparticles has demonstrated significant potential in
enhancing the photocatalytic activity of Ti0,.** ***'  Evonik P25 TiO,, a
commercially available material consisting of approximately 75 percent anatase
and 25 percent rutile, demonstrates enhanced photocatalytic activity.*

The explanation as to why mixed-phase TiO, materials exhibit enhanced
photocatalytic activity is widely disputed. An electron paramagnetic resonance
spectroscopy (EPR) study conducted by Hurum et al. expounds on the charge
separation characteristics of Evonik P25 TiO,; thus, helping to better explain why
mixed phase materials demonstrate enhanced photocatalytic activity.*®
Observations from this experimental study were as follows:

e rutile extends the excitation wavelength of the photocatalyst into the
visible light region of the electromagnetic spectrum
e electron transfer from rutile to anatase aids in reducing recombination
rates
e structural arrangement of the rutile promotes “catalytic hotspots” at the
anatase-rutile interface
In summary, this study established that interfacial trapping sites which do not

exist in single phase TiO; is prevalent in mixed phased TiO, and helps to enhance

14



charge separation. A visual representation of this proposed model is shown in

Figure 2.2-3.

Figure 2.2-3 Proposed model of charge separation characteristics of mixed-phase
composite material, Evonik P25 TiO,.*®
2.3 Experimental Investigations of Reaction Mechanisms on TiO,

Studies from the literature suggest CO, reduction to higher-value products
can be achieved via electrochemical, photochemical, photocatalytic, and
photoelectrochemical methods.  Reaction schemes for the electrochemical
(aqueous-phase) reduction of CO, to hydrocarbons have been proposed in a
variety of studies. For example, an experimental study conducted by Centi et al.
concluded that the initial and most critical step in CO, reduction entails the
formation of the CO,™.*  This study proposed that CO,~ formation eventually
leads to one of the following:

e further reduction to chemisorbed carbon monoxide (CO)
e formation of the formate anion (HCOO)

Centi el al. assert that HCOO™ can be further reduced (via interaction with four

electrons and protons) to :CH; species adsorbed on the surface. The interaction of

15



:CH, with two electrons and protons can lead to methane (CH,4) formation.
Conversely, the mechanism proposed by Centi et al. points out that two :CH;
species can react with one another and form ethylene (C,H,). A more thorough

review of this mechanism can be observed in Figure 2.3-1.

CH;0H  GHy GHs €3, €3

Figure 2.3-1 Simplified reaction mechanism of CO; reduction to hydrocarbons;
reactants are boxed in red, products are boxed in blue.?

Carbon dioxide reduction via the photocatalytic method is novel approach
wherein a solid-gas interaction ensues. Higher adsorption capacity and enhanced
contact area are significant advantages the photocatalytic method has over the
previously mentioned approaches. According to the literature, the photocatalytic
reduction of CO; to hydrocarbons is considered a complex multistep reaction
involving shared intermediates and multiple reaction pathways. It is imperative to
note that by understanding the mechanism, one can mitigate the pathway of the

reaction and drive the production of a particular product.
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Extensive work in the realm of CO, photoreduction to high-value
products has been conducted over the years. Anpo et al.’s 1995 study of the
photocatalytic reduction of CO, (with H,O vapor) on powdered TiO, catalysts
provides insight as to how various reaction variables play a significant role in
product formation.”® Variables such as the type of catalyst being utilized, the
reaction temperature, and the CO, to H,O ratios were found to have a profound
effect on the percent yield of certain products (i.e. CO, CH30H, and CH,). For
instance, it was determined that an increase in the ratio of H,O to CO, enhanced
the reactivity of the TiO, catalysts.>

An H,0 to CO, ratio of five was found to be the most optimal condition
for yielding a higher yield of products.”® Anything in excess of this ratio was
shown to suppress rates of the photocatalytic reactions taking place in this study.
In addition to product yield analyses, this work also included a proposed reaction
mechanism for the photocatalytic reduction of CO, with H,O on TiO,. This

reaction scheme is displayed in Figure 2.3-2.
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Figure 2.3-2 Anpo et al. schematic representation of the photocatalytic reduction
of CO, with H,O on anchored TiO,.>

Just as in the previously discussed work by Centi et al., various
experimental studies have confirmed that the initial and most critical step in CO;
photoreduction entails the formation of the CO,**** The CO, has a
characteristically bent formation and is formed via interaction with an electron.
Work conducted by Ramis et al. and Rasko et al. are the first reported
experimental studies in which infrared (IR) spectral frequencies are uniquely
assigned to various states of CO, (linear, bent, and carbonate) on TiO;

nanoparticles.

2.4 Theoretical Investigations of Reaction Mechanisms on TiO, Catalysts
In addition to the aforementioned experimental work, various
computational studies have been implemented to investigate CO, interaction and

47, 56-58

reduction on various TiO, surfaces. This in turn has led to a better

18



understanding of the reaction mechanisms as well as the development of more
efficient TiO, catalysts. Work outlined in a series of publications by Indrakanti
encompass quantum chemical modeling of ground and excited states of CO, on

both stoichiometric and oxygen-deficient TiO, (anatase and rutile) surfaces.*” >"

*  Indrakanti’s 2008 publication investigated the interaction properties (e.g.
charge transfer and adsorption) of CO, on small clusters (Ti,OgH1o) extracted
from the anatase TiO, (101), (010), and (001) surfaces.”’  Further, the
theoretically calculated vibrational frequencies from this study were in agreement
with experimentally observed IR frequencies of CO, reduction on anatase TiO,.>
Likewise, a computational study performed by He et al. sought to investigate
different binding configurations of CO, on neutral, negatively charged, and
oxygen-vacant anatase TiO, (101) cluster and periodic surfaces.  Most
importantly, this study demonstrated that CO,~ formation occurs when adsorbed
onto the negatively charged surface.

The indication of how a reactant (H,O) and products (HCOOH, CO, CHy,
etc) of CO, photoreduction interact with the various TiO, polymorphs (anatase,
brookite, rutile) contributes significantly to better understanding the reaction
mechanism. A comparative DFT study on the adsorption behavior of H,O and
HCOOH on the anatase TiO, (101) and brookite TiO, (210) surfaces was
previously conducted.®® According to the literature, the anatase TiO, (101) and
brookite TiO, (210) surfaces have the same structural build. As shown in Figure
2.4-1, 6-fold and neighboring 5-fold coordinated Ti atoms (Tig; and Tisc) atoms

are exposed on the anatase TiO, (101). Likewise, 3-fold and 2-fold coordinated O
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atoms (O3 and Oy) are also present on the surface. Considering how it’s similar
in structure to the anatase TiO, (101) surface, these reactive sites also apply to the

brookite TiO, (210) surface.**

Ti

6¢

gy

R A A A

Figure 2.4-1 Atomic components of the structural units exposed on the anatase
TiO, (101) surface.

Although the brookite TiO, (210) surface has the same structure as that of
the anatase TiO; (101) surface, its form is orthorhombic and interatomic distances
are slightly shorter.*®  Computational studies suggest that due to its structural
features, the brookite TiO, (210) surface exhibits distinct activity for more

favorable adsorption sites than the anatase TiO, (101) surface.*® % In summary,
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these various computational studies have helped to broaden the current

understanding of the mechanisms of CO, photoreduction.

2.5 Research Objectives

Literature suggests that among the three forms of TiO,, brookite is the
least studied polymorph computationally and experimentally. The lack of
experimental studies concerning brookite is in part due to it being the most

%062 Fyrthermore, brookite has been shown

difficult TiO, phase to synthesize.
exhibit high photocatalytic activity — making it an ideal catalyst for executing
photochemical reactions. As previously mentioned in Section 2.3, published
work provided an account (from a theoretical standpoint) of the significant
potential brookite may have in catalytic and photocatalytic applications.”® Not
until recently has there been a mounting interest in investigating the
photocatalytic activity of brookite-containing mixed-phase TiO, nanoparticles.*®
60, 63-65

The scope of the research discussed in this thesis entails executing a comparative
theoretical study of the adsorption behavior of small molecules (CO, H,O, and
CH,) on the anatase TiO; (101) and brookite TiO, (210) surfaces. This work will
provide significant insight towards the reaction mechanisms of CO,
photoreduction over brookite-containing mixed-phase TiO, catalytic material. It
is hypothesized that the molecules of interest will exhibit more favorable

adsorption energies on the brookite TiO, (210) surface. Reasoning for this

proposed hypothesis stems from the fact that brookite is orthorhombic in structure
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and possesses longer Ti—O bond distances; thus, providing more surface area for
direct adsorption or interaction with molecules. The key research questions of
this study are:

e How do the adsorption energies and the charges of the molecules adsorbed
on brookite TiO; (210) surfaces compare to those obtained on the anatase
TiO, (101) surface?

e How does the state of the TiO, surfaces (neutral, negatively charged,
positively charged and oxygen-deficient) affect charge transfer and
adsorption capabilities?

e How do the theoretical vibrational frequencies of the molecules on TiO,
compare to experimental data?

Answering such questions will assist in better understanding the intermediate
reaction pathways associated with utilizing brookite-containing TiO, materials for

CO, reduction to fuels.
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CHAPTER 3: METHODOLOGY

3.1 Density Functional Theory Studies

In computational studies where the interaction of molecules with
nanocomposites is being studied, cluster models or periodic slabs can be utilized
to replicate the surface. In reference to computational work specific to the
interaction of molecules with TiO, surfaces, cluster models are the most
prevalent. It is imperative to note, however, that the periodic nature of the TiO,
surface is neglected in cluster models. As a result, cluster models only provide an
initial account of what type of interactions are taking place on the surface. Work
published by He et al., Indrakanti et al., Wanbayor et al., and Nik et al. all entail
the use of small TiO, clusters and periodic structures as a representation of the
interacting surface.®® °" %% For this study, the same methodology was employed
in order to investigate the interaction of small molecules on the anatase TiO,
(101) and brookite TiO; (210) surfaces.

A Ti;027H2s cluster model representing the anatase TiO, (101) surface
was cleaved from the (101) plane of the anatase phase. All peripheral oxygens in
the cluster were saturated with H atoms to terminate all dangling bonds. The
same procedure was implemented to create the brookite TiO; (210) cluster model
(Ti;028H2g). The partially reduced or oxygen vacant (V,) surfaces were modeled
in both clusters by removing one top bridging O,. atom. Negatively charged
anatase TiO; (101) and brookite TiO, (210) surfaces were obtained by introducing

an extra electron into the system and screening the hole - consequently modeling
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the photoexcited electron. The positively charged anatase TiO, (101) and brookite
TiO, (210) surfaces were obtained by introducing an extra hole into the system

and screening the electron — consequently modeling photoexcited hole generation.

Figure 3.1-1 TiO, cluster models: (a) anatase TiO; (101), (b) brookite TiO, (210);
Ti atoms in green, O atoms in red, H atoms in white. (This notation is used
throughout this document)

Using the Gaussian03 computational chemistry software package, density
functional theory (DFT) calculations with the B3LYP functional were performed
to investigate the adsorption behavior of CO, H,0, and CH, gases on the neutral,
negatively charged, positively charged, and oxygen-deficient brookite TiO, (210)
and anatase TiO, (101) surfaces.”® Optimizations of the individual species were
performed first. Thereafter, the geometries of the various adsorbate-TiO, cluster
configurations were optimized. All hydroxyl groups in the TiO; clusters were
frozen during optimization to better represent the surface environment. The 6-

31+G(2df,p) basis set used for the CO, H,0O, and CH, molecules and the five
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surface O atoms in both the anatase TiO, (101) and brookite TiO, (210) clusters.
The LanL2DZ basis set was used for the Ti, H, and all remaining O atoms in the
cluster models. Natural bond orbital (NBO) charge analyses and vibrational
frequency calculations for all adsorbate-TiO, cluster configurations were
performed. Vibrational frequencies were scaled by a factor of 0.9652. The
adsorption energies of each adsorbate were computed using the following
equation:

AEadsorption = Eadsorbate-cluster_ (Eadsorbate + Ecluster)

Where E denotes the total energy of the individual or collective species (e.g.
adsorbate, cluster, adsorbate-cluster) representing the system. In this study, two
basis sets are utilized to compute the adsorption energies. The use of finite basis
sets leads to basis set superposition errors (BSSE). To account for the BSSE of
the complexes, a single-point energy calculation along with Boys and Bernardi

counterpoise (CP) correction was performed for each complex.”™

3.2 Adsorption-Desorption Experimental Studies

The adsorption and desorption behavior of H,O vapor and CH4; on
nanocrystalline TiO, (Evonik P25) were investigated by diffuse reflection infrared
Fourier transform spectroscopy (DRIFTS). DRIFTS is a powerful technique that
exhibits high sensitivity for gaseous species on solid materials. Commonly used
in experimental catalytic studies, DRIFTS is suitable in such a way that it can
execute real-time identification of reactions occurring on a surface. For example,

DRIFTS can detect end products and reaction intermediate species while a
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reaction is taking place. The results from this experimental study serve not only
as a comparison to the proposed theoretical work, but also as a means for
addressing questions that are crucial to better understanding the photocatalytic
reaction mechanisms.

The DRIFTS studies were performed on a Thermo Nicolet FTIR 6700
spectrometer (with OMNIC software) equipped with a Praying Mantis™ diffuse
reflectance accessory. A 316 stainless steel high-temperature chamber (HVC,

Harrick Scientific) was used as the reactor (Figure 3.2-1).

IR beam
UV quartz window
KBr window
Sample holder
{50 mg)
& Outlet inlet

Figure 3.2-1 Schematic of DRIFTS reactor cell.

The H,O adsorption-desorption experiments were carried out under STP
conditions (20°C, 1 atm) in the DRIFTS HVC reactor. The Evonik P25 TiO,
powder (~50 mg) was pretreated with a gas flow of ultra-high pure helium
(99.999%, in-house) at a flowrate of 0.35 L-min™* for 15 minutes. Ultra-high pure

nitrogen (99.999%, in-house) was flowed through an impinger containing 0.35 L
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of NanoPure filtered H,0 at a flowrate of 0.5 L-min™. Following the 15 minute
helium pretreatment, the inlet flow was switched to the saturated nitrogen flow —
exposing the TiO, powder sample to H,O vapor. After 21 minutes, a switch in
inlet flow from H,O vapor to helium ensued. The purpose of this procedure was
to purge the TiO, sample and remove any residual H,O species on the surface.
The two sequential steps of exposing the TiO, sample to H,O vapor (at 0.5 L-min
1) then to a helium purge (0.35 L-min™) constitutes as one adsorption-desorption
cycle. Accordingly, these two steps were implemented over a duration of 110
minutes to yield three adsorption-desorption cycles. The flowrates throughout this
experiment were kept constant.

As in the H,O adsorption-desorption experiments, the CH,4 adsorption-
desorption experiments were carried out under STP conditions in the DRIFTS
HVC reactor. Evonik P25 TiO, powder (~50 mg) was pretreated with a gas flow
of ultra-high pure helium (99.999%, in-house) at a flowrate of 0.12 L-min™ for 15
minutes. Following the 15 minute helium pretreatment of the sample, the inlet
flow was switched to pure CH,4 gas (99.99%, Sigma-Aldrich) at a flowrate of 0.24
L-min™. After 21 minutes, a switch in inlet flow from CH,4 gas to helium ensued
in order to desorb all CH, contents on the TiO, surface. The two sequential steps
of exposing the TiO, sample to CH, gas (at 0.24 L-min™) then to a helium purge
(0.12 L-min™") were implemented over a duration of 92 minutes to yield three
adsorption-desorption cycles. All flowrates throughout this experiment were kept

constant.
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CHAPTER 4: RESULTS

4.1 CO on Anatase and Brookite Cluster Models

The optimized geometries of CO adsorbed on neutral, negatively charged, and
oxygen deficient anatase TiO, clusters are shown in Figures 4.1-1, 4.1-2, and 4.1-
3, respectively. The configurations for CO adsorbed on neutral, negatively
charged, and oxygen deficient brookite TiO, clusters are shown in Figures 4.1-4,
4.1-5, and 4.1-6, respectively. The adsorption energies (uncorrected and BSSE
corrected) and NBO charges of CO are displayed in Tables 4.1-7 and 4.1-8. The
C—Ti distances (in A) and IR frequencies (in cm™) with respect to each
configuration are shown in Tables 4.1-9 and 4.1-10.

Two configurations were obtained for CO on the neutral anatase TiO, (101)
cluster surface (configurations 1A and 1B). In the 1A configuration, the CO
molecule is vertically positioned above the cluster model’s surface with the C
atom interacting with the Tis site. The 1B configuration entails the CO molecule
vertically positioned above the cluster model’s surface with the O atom
interacting with the Tis. site. For the negatively charged system, these same CO
orientations (configurations 2A and 2B) were obtained. Distinct configurations
(3A and 3B) for CO on the oxygen vacant anatase TiO, (101) cluster surface were
obtained. In the 3A configuration, the CO molecule is diagonally positioned
above the oxygen-vacant site. This configuration also shows the C atom interacts

with the Tis. reactive site. Likewise, the 3B configuration comprises of the CO
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molecule oriented above the oxygen-vacant site, but with C atom interacting with
the Tigc reactive site.

Four configurations were obtained for CO on the neutral brookite TiO, (210)
cluster surface (configurations 1A, 1B, 1C, and 1D). In the 1A configuration, the
CO molecule is vertically positioned above the cluster model’s surface with the C
atom interacting with the Tis. site. The 1B configuration entails the CO molecule
vertically positioned above the cluster model’s surface with the O atom
interacting with the Tis. site. In configuration 1C, the CO molecule is vertically
positioned above the cluster model’s surface with the C atom interacting with the
second Tis. site (which is closest to the dangling Tig. site). Configuration 1D
entails the same binding site as that of configuration 1C; wherein the O atom of
the CO molecule interacts with the Tis. site. For the negatively charged system,
these same CO orientations (configurations 2A, 2B, 2C and 2D) were obtained.
Distinct configurations (3A and 3B) for CO on the oxygen vacant brookite TiO,
(101) cluster surface were obtained. In the 3A configuration, the CO molecule is
diagonally positioned above the oxygen-vacant site. This configuration also
shows the C atom interacts with the Tis. reactive site. Likewise, the 3B
configuration comprises of the CO molecule oriented above the oxygen-vacant

site, but with C atom interacting with the Tig. reactive site.
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(1A) (1B)

354

Figure 4.1-1 Adsorption configurations of CO adsorbed on the anatase TiO, (101)
surface: (1A) and (1B) CO on neutral surface.

(2A) (2B)

Figure 4.1-2 Adsorption configurations of CO adsorbed on the anatase TiO, (101)
surface: (2A) and (2B) CO on negatively charged surface.
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(3A)

Figure 4.1-3 Adsorption configurations of CO adsorbed on the anatase TiO, (101)
surface: (3A) and (3B) CO on V, surface.
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(1C) (1D)

Figure 4.1-4 Adsorption configurations of CO adsorbed on the brookite TiO,
(210) surface: (1A), (1B), (1C) and (1D) CO on neutral surface.
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20) (2D)

Figure 4.1-5 Adsorption configurations of CO adsorbed on the brookite TiO,
(210) surface: (2A), (2B), (2C) and (2D) CO on negatively charged surface.
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(3A) (3B)

Figure 4.1-6 Adsorption configurations of CO adsorbed on the brookite TiO,
(210) surface: (3A) and (3B) CO on V, surface.
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Table 4.1-7 AE.gs (in eV) and NBO charge of CO on anatase (101)

anatase (101)

surface
state r_1eutra_| negati\_/ely-c_harged oxyggn-defjcient
(configuration 1) (configuration 2) (configuration 3)
Configuration AE.s  Charge AEadSBSSE AE.s  Charge AEadSBSSE AE.s  Charge AEadSBSSE
A -0.372  0.338 -0.379  -0.300 0.315 -0.498 -1.634 -0.060 -1.871
B -0.145  0.121 -0.133  -0.105 0.093 -0.302  -1.811 0.046 -1.839

Table 4.1-8 AE,4s (in eV) and NBO charge of CO on brookite (210)

surface brookite (210)
state r_1eutra_| negati\_/ely-charged oxyggn-def_icient
(configuration 1) (configuration 2) (configuration 3)
Configuration ~ AE,s  Charge  AFEae  AEas  Charge  AEags  AEas  Charge  AEags
A -0.454  0.357 -0.460  -0.378  0.336 -0.582  -1550 -0.058 -1.772

B -0.193 0.147 -0.180  -0.129  0.124 -0.231 -1.600  0.052 -1.611
C -0.530 0.349 -0.600 -0.613  0.276 -0.825 - - -
D -0.213 0.152 -0.230  -0.202 0.121 -0.372 - - -




Table 4.1-9 Vibrational frequency (cm™) and C—Ti distance (A) of CO on

anatase (101) and brookite (210)

State and Configuration vy (cm™) C-Ti (A)
Anatase Neutral

1A 2190 2.43

Brookite Neutral
1A 2195 2.43
1A 2194 2.39

Brookite Negative
2A 2169 2.43
2C 2061 2.21

Brookite Vo

3A 1651 2.14
3B 1907 2.07
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Figure 4.1-10 Theoretical IR spectra of CO on anatase (101) and brookite (210)
surfaces.

4.2 H,0 on Anatase and Brookite Cluster Models

The optimized geometries of H,O adsorbed on neutral, negatively charged,
positively charge, and oxygen deficient anatase TiO, clusters are shown in
Figures 4.2-1, 4.2-2, 4.2-3, and 4.2-4, respectively. The configurations for H,O
adsorbed on neutral, negatively charged, positively charged, and oxygen deficient
brookite TiO, clusters are shown in Figures 4.2-5, 4.2-6, 4.2-7, and 4.2-8,
respectively. The adsorption energies (uncorrected and BSSE corrected) and NBO

charges of H,O are displayed in Tables 4.2-9 and 4.2-10. The O—Ti distances (in
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A) and IR frequencies (in cm™) with respect to each configuration are shown in
Tables 4.2-11 and 4.2-12. One configuration was obtained for H,O on the neutral
anatase TiO, (101) cluster surface (configuration 1A). In the 1A configuration,
the O atom in the H,O molecule is positioned directly above the Tis site. For the
negatively and positively charged systems, configurations 2A and 3A were
obtained. Distinct configurations (4A and 4B) for H,O on the oxygen vacant
anatase TiO; (101) cluster surface were obtained. In both configurations, the O
atom in the H,O molecule is positioned above the oxygen-vacant site. Two
configurations were obtained for H,O on the neutral brookite TiO, (210) cluster
surface (configurations 1A and 1B). In configuration 1A, the O atom in the H,O
molecule is positioned directly above the Tis site. The 1B configuration entails
the H,O molecule vertically positioned above the cluster model; wherein the O
atom interacts with the second Tis. site (which is closest to the dangling Tig site).
For the negatively and positively charged systems, configurations 2A, 2B, 3A,
and 3B were obtained. One distinct configuration (4A) for H,O on the oxygen
vacant brookite TiO, (101) cluster surface was obtained. This configuration also

shows the O atom positioned over the oxygen vacant site.
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(1A)

Figure 4.2-1 Adsorption configuration of H,O adsorbed on the anatase TiO, (101)
surface: (LA) H,O on neutral surface.

(2A)

Figure 4.2-2 Adsorption configuration of H,O adsorbed on the anatase TiO, (101)
surface: (2A) H,O on negatively charged surface.
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(3A)

Figure 4.2-3 Adsorption configuration of H,O adsorbed on the anatase TiO, (101)
surface: (3A) H,0 on positively charged surface.

(4B)

Figure 4.2-4 Adsorption configurations of H,O adsorbed on the anatase TiO,
(101) surface: (4A) and (4B) H,0 on V, surface.
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(1A) (1B)

Figure 4.2-5 Adsorption configurations of H,O adsorbed on the brookite TiO, (210)
surface: (1A) and (1B) H,O on neutral surface.

‘JJ.

J

(2A) (2B)

Figure 4.2-6 Adsorption configurations of H,O adsorbed on the brookite TiO,
(210) surface: (2A) and (2B) H,0 on negatively charged surface.
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(3A) (3B)

Figure 4.2-7 Adsorption configurations of H,O adsorbed on the brookite TiO;
(210) surface: (3A) and (3B) H,0 on positively charged surface.

(4A)

Figure 4.2-8 Adsorption configuration of H,O adsorbed on the brookite TiO,
(210) surface: (4A) H,0 on V, surface.
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Table 4.2-9 AE,4s (in eV) and NBO charge of H,O on anatase (101)

surface anatase (101)
state r_leutra_l negati\_/ely-c_harged positi\_/ely-charged oxygt_an-def_icient
(configuration 1) (configuration 2) (configuration 3) (configuration 4)
Configuration AE.qs Charge AEadSBSSE AE.4s Charge AEadSBSSE AEgaqs Charge  AE.ys Charge AEadsBSSE
A -1.020 0.211 -1.145 -0.925 0.185 -1.196 -1.155 0.233 -0.996 0.167 -1.130
B - - - - - - - - -0.927 0.182 -0.955

Table 4.2-10 AE44;s (in V) and NBO charge of H,O on brookite (210)

surface brookite (210)
state r_leutra_l negati\{ely-charged positiv_ely—charged oxyge_n-def!cient
(configuration 1) (configuration2) (configuration3) (configuration4)
Configuration AE.4s Charge AEadSBSSE AE.4s Charge AEadSBSSE AEads Charge AE.4s Charge AEadSBSSE
A -1.161 0.220 -1.320 -1.230 0.197 -1.489 -1.486 0.234 -1.376 0.176 -1.449

B -1.539 0.199 -1.763 -1.319 0.153 -1.516 -1.616 0.215




Table 4.2-11 Vibrational frequency (cm™) and O—Ti distance (A) of H,0 on
anatase (101) and brookite (210)

State and Configuration ~ vi (cm™) v, (cm™) v (cm?) C-Ti (A)
Anatase Neutral
1A 3464 3615 1609 2.23
Brookite Neutral
1A 3167 3718 1594 2.15
1B 2925 3460 1671 2.12
Brookite Negative
2A 3168 3502 1636 2.20
2B 3198 3418 1659 2.20
Brookite Vo
4A 3204 3557 1633 2.19
10 - Theoretical IR Spectrum of H,0 on TiO,
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Figure 4.2-12 Theoretical IR spectra of H,O on anatase (101) and brookite (210)
surfaces.
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4.3 CH,4 on Anatase and Brookite Cluster Models

The optimized geometries of CH,4 adsorbed on neutral, negatively charged,
positively charge, and oxygen deficient anatase TiO, clusters are shown in
Figures 4.3-1, 4.3-2, 4.3-3, and 4.3-4, respectively. The optimized geometries of
CH, adsorbed on neutral, negatively charged, positively charge, and oxygen
deficient brookite TiO, clusters are shown in Figures 4.3-5, 4.3-6, 4.3-7, and 4.3-
8, respectively. The adsorption energies (uncorrected and BSSE corrected) and
NBO charges of CH, are displayed in Tables 4.3-9 and 4.3-10. The C—Ti
distances (in A) and IR frequencies (in cm™) with respect to each configuration
are shown in Tables 4.3-11 and 4.3-12. One configuration was obtained for CH,4
on the neutral anatase TiO; (101) cluster surface (configuration 1A). In the 1A
configuration, the C atom in the CH, molecule is positioned directly above the
Tisc site. For the negatively and positively charged systems, configurations 2A
and 3A were obtained. One distinct configuration, 4A, for CH4 on the oxygen
vacant anatase TiO, (101) cluster surface was obtained. In this configuration, an
H atom in the CH4 molecule is positioned above the oxygen-vacant site. Two
configurations were obtained for CH, on the neutral brookite TiO, (210) cluster
surface (configurations 1A and 1B). In configuration 1A, the C atom in the CH,4
molecule is positioned directly above the Tis site. The 1B configuration entails
the CH, molecule vertically positioned above the cluster model; wherein the C
atom interacts with the second Tis site (which is closest to the dangling Tig site).
For the negatively and positively charged systems 2A, 2B, 3A, and 3B were

obtained. One distinct configuration (4A) for CH4 on the oxygen vacant brookite
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TiO, (101) cluster surface was obtained. This configuration also shows an H atom

positioned over the oxygen vacant site.

P'F’_J
J

(1A)

Figure 4.3-1 Adsorption configuration of CH,4 adsorbed on the anatase TiO, (101)
surface: (LA) CH,4 on neutral surface.

P ’? ’, J
J
(1A)

Figure 4.3-2 Adsorption configuration of CH,4 adsorbed on the anatase TiO, (101)
surface: (LA) CH,4 on negatively charged surface.
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P ’?‘ ’_ J
9
(3A)

Figure 4.3-3 Adsorption configuration of CH,4 adsorbed on the anatase TiO, (101)
surface: (3A) CH, on positively charged surface.

(4A)

Figure 4.3-4 Adsorption configuration of CH,4 adsorbed on the anatase TiO, (101)
surface: (4A) CH, on V, surface.
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(1B)
(1A)

Figure 4.3-5 Adsorption configurations of CH4 adsorbed on the brookite TiO,
(210) surface: (1A) and (1B) CH4 on neutral surface.

(2B)

(2A)

Figure 4.3-6 Adsorption configurations of CH, adsorbed on the brookite TiO,
(210) surface: (2A) and (2B) CH,4 on negatively charged surface.
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(3B)
(3A)

Figure 4.3-7 Adsorption configurations of CH,4 adsorbed on the brookite TiO,
(210) surface: (3A) and (3B) CH, on positively charged surface.

(4A)

Figure 4.3-8 Adsorption configuration of CH, adsorbed on the brookite TiO,
(210) surface: (4A) CH4 on V, surface.
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Table 4.3-9 AE,;s (in eV; uncorrected and corrected) and NBO charge of CH,4 on anatase (101)

surface anatase (101)

neutral
(configuration 1)

negatively-charged
(configuration 2)

positively-charged

state (configuration 3)

oxygen-deficient
(configuration 4)

SE

. . ss s
Configuration AE.4s Charge AEadSB - AE.4s Charge AEadsB AEgaqs Charge

BSSE
AE 4 Charge AEags

A -0.066 0.066 -0.033 -0.055 0.007 -0.281 -0.124 0.103

-0.324 0.108 -0.372

Table 4.3-10 AE,;s (in eV; uncorrected and corrected) and NBO charge of CH,4 on brookite (101)

surface brookite (210)
state peutra_l negatiyely-c_harged positi\_/ely-charged oxyggn-defjcient
(configuration 1) (configuration 2) (configuration 3) (configuration 4)
Configuration AE.4s Charge AEadSBSSE AE.4s Charge AEadSBSSE AEads Charge AE.4s Charge AEadSBSSE
A -0.091 0.083 -0.032 -0.056 0.028 -0.300 -0.149 0.130 -0.300 0.124 -0.266
B -0.126 0.112 -0.108 -0.120 0.070 -0.337 -0.223 0.144 - - -




TG

Table 4.3-11 Vibrational frequency (cm™) and C—Ti distance (A) of CH, on anatase (101) and brookite (210)

C-Ti

State and Configuration vy (cm™) v, (cm™) vz (cm™) vs (cm™) (A)
Anatase Neutral

A 2911 1492, 1518 3013, 3024, 3044 1248, 1254, 1302, 1320 3.11
Brookite Neutral

A 2904 1494, 1519 3008, 3012, 3052 1245, 1299, 1328 3.03

B 2893 1485, 1523 2994, 3019, 3063 1222, 1301, 1336 2.87
Brookite Negative

A 2909 1501, 1514 3002, 3024, 3040 1276, 1289, 1315 3.40

B 2887 1509, 1520 2987, 2997, 3051 1267, 1303, 1324 291

Brookite Vo
A 2950 1474, 1563 3019, 3066 1255, 1289, 1344 2.57
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Figure 4.3-12 Theoretical IR spectra of CH4 on anatase (101) and brookite (210)
surfaces.

4.4 Experimental Adsorption-Desorption Plots

According to literature, the H,O and CH4 molecules can be characterized
by three and four vibrational modes, respectively (shown in Tables 4.4-1 and 4.4-
2) An adsorption-desorption plot of H,O on Evonik P25 TiO, was constructed by
measuring the intensity (IR absorbance) of features characteristic to O—H bond
bending (vs=1652 cm™) over a period of 110 minutes. The adsorption-desorption
plot of CH,4 on P25 TiO, was constructed utilizing the same methodology, but for

features characteristic to asymmetric stretching of C—H bonds (v5=3016 cm™).
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Table 4.4-1 Vibrational modes of H,O molecule’

Mode Description Frequency (cm™)
Vi symmetrical stretching 3650
Va asymmetrical stretching 3750
V3 O—H bond bending 1600

Table 4.4-2 Vibrational modes of CH, molecule”

Mode Description Frequency (cm™)
Vi symmetrical C—H stretching 2914
Vo asymmetrical CH3 deformation 1526
V3 asymmetrical C—H stretching 3020
Vs symmetrical CH; deformation 1305
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Figure 4.4-3 Experimental IR spectra of H,O adsorption-desorption on Evonik P25 TiO, with respect to time. (Characteristic feature
of O-H bending is shown in inset figure).
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CHAPTER 5: DISCUSSION, CONCLUSIONS, AND FUTURE WORK

5.1 Discussion and Conclusions

Calculations derived from the computational study indicate all three
molecules (CO, H,0, and CH,4) adsorb more favorably onto the brookite TiO,
(210) surface. As previously discussed in Section 2.4, the structural building of
brookite (i.e. shorter interatomic distance, orthorhombic form) is believed to
contribute to more favorable adsorption sites than the anatase polymorph. It is
important to note that the prevalence of configurations on the brookite TiO; (210)
surface is due to its asymmetrical layout. Computational results from this study
indicate the brookite TiO, (210) surface exhibits additional binding configurations
than for the anatase TiO, (101) surface. In all cases however, NBO charge
analyses suggest insignificant charge transfer to the molecules occurs on neutral,
negatively charged, positively charged, and V, brookite TiO, (210) surfaces.

Four binding configurations (1A, 1B, 1C and 1D) were obtained for the
CO molecule on neutral brookite TiO, (210). In the 1A and 1C configurations,
the molecule is vertically oriented above the surface with the C atom directly
above the Tisc site. The calculated BSSE corrected adsorption energies for both
configurations (AEagsa=-0.460eV, AE,isc = -0.600eV) suggest CO strongly
adsorbs onto the surface. The configurations in which the CO molecule is
vertically oriented above the surface with the O atom directly above the Tis site
(1B and 1D) demonstrate the adsorbate has less favorable adsorption energies.

Results from the case in which CO interacts with a partially reduced (V,) brookite
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TiO, (210) surface (configurations 4A and 4B) show more favorable adsorption
energies than those obtained from configurations on the neutral and negatively
charged cluster.

Two binding configurations (LA and 1B) were obtained for the H,O
molecule on neutral brookite TiO, (210). In both configurations, the molecule is
oriented above the surface with the O atom directly above the Tis. site. The
calculated BSSE corrected adsorption energies for both configurations (AEags a = -
1.320eV, AEusp = -1.763eV) suggest H,O strongly adsorbs onto the surface.
Results from the case in which H,O interacts with a partially reduced (V,)
brookite TiO, (210) surface (configuration 4A) show more favorable adsorption
energies than those obtained from on the neutral and negatively charged cluster.
Provided that H,O strongly binds to the brookite TiO, (210) surface, one can
conclude that it plays a significant role in the surface reactions taking place on the
surface. These results are in accordance with Anpo et al’s 1995 findings; wherein
the addition of more H,O in a CO; photoreduction reaction yields much higher
concentrations of CHg.

Two binding configurations (1A and 1B) were obtained for the CH,4
molecule on neutral brookite TiO;, (210). In both configurations, the molecule is
oriented above the surface with the C atom directly above the Tis. site. The
calculated BSSE corrected adsorption energies for both configurations (AEagsa = -
0.032eV, AEqss = -0.108eV) suggest CH, weakly adsorbs onto the surface.
Results from the case in which CH, interacts with a partially reduced (V,)

brookite TiO, (210) surface (configuration 4A) show slightly more favorable
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adsorption energies than those obtained. Results from this study suggest that cases
in which a brookite-containing material is not thermally treated (source of oxygen
vacancies) a higher yield of CH, should occur. This is primarily due to weak
interaction between CH,4 and the brookite TiO, (210) surface. Likewise, given
that photocatalytic reactions are confined to the surface, the presence of oxygen
vacancies in a brookite-containing material may lead to higher order (C,)
hydrocarbon formation.

The experimental results outlined in this thesis are well within agreement
of the computational results. For instance, the theoretical vibrational frequencies
for both H,O and CH, on TiO, surfaces are in close agreement with to the
experimental IR spectra generated from the adsorption-desorption studies. For
example, O—H bending in the H,O molecule was observed at 1652 cm™ in the
DRIFTS studies and at 1594 cm™ and 1671 cm™ for the computational studies.
Asymmetrical stretching of the C—H bonds in the CH, molecule were observed
at 3016 cm™ experimentally and at 3012 cm™ and 3019 cm™ computationally.

As predicted computationally, the experimental work conducted in this
study show that H,O strongly binds onto TiO, surfaces. The constructed
adsorption-desorption plot demonstrations that after one cycle (exposure to H,O
vapor then exposure to helium), approximately 13 percent of the Evonik P25 TiO,
sample still contained H,O on the surface. The adsorption-desorption plot of pure
CH, gas on Evonik P25 TiO; is in strong agreement with the theoretical work; as
both studies suggest CH4 weakly binds onto TiO, surfaces. The absorbance

intensity for CH, on Evonik P25 TiO, was found to be approximately half than
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that of H,O on Evonik P25 TiO, (0.4 vs. 1.0). After each cycle (exposure to CH,4
then exposure to helium), no traces of CH, gas were observed on the Evonik P25
TiO, sample.

The work outlined in this thesis provides a first account (from a
theoretical standpoint) of adsorption behavior of CH4 and CO molecules on the
brookite TiO, surface. This in turn provides a constructive platform leading to a
better understanding of the fundamental photocatalytic mechanisms taking place

on a brookite-containing photocatalyst.

5.2 Implications for Future Work

The potential CO, conversion to fuels offers for meeting mounting energy
demands with minimal environmental impact is great. Photocatalysis over Ti-
based materials is a well-demonstrated and highly advantageous method utilized
for CO, conversion to higher value products. While significant research and
development has and continues to take place in the area of photocatalytic
reduction of CO, and H,0 vapor to useful products (such as C;-C, hydrocarbons)
the application of this technology is limited due to various impediments. For
example, enhancing the efficiency of the CO, photoreduction process on TiO;
remains is a significant challenge. According to various sources from the
literature, the efficiency of CO, photoreduction over Ti-based catalysts ranges

from 0.00013 percent to 0.28 percent.’*"

Designing more efficient Ti-based
photocatalysts is one of the key approaches to enhancing the efficiency of CO,

photoreduction in the presence of H,O vapor. Moreover, an understanding of the
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initial photoreduction pathways sets the groundwork for driving the production of
desired products.

In light of the key points that were previously mentioned, future research
should comprise of expanding computational and experimental studies.
Implementing periodic DFT calculations of CO, H,O, and CH; molecules on
stoichiometric and defective (V,) brookite TiO, (210) surfaces would serve as a
means for obtaining a more thorough account of adsorption behaviors and
interactions. Aside from the adsorption behavior of individual molecules on the
periodic slab models, competitive adsorption of CO,, CO, H,O, and CH,
molecules on the brookite TiO, (210) surface can also be investigated.
Conducting a study as such would provide greater insight in developing reaction
pathways associated with more practical conditions.

An experimental study conducted by Liu and collaborators substantiates
CO; , HCO3, and HCOOH as key reaction intermediates for photoreduction of
CO; with H,0 vapor on brookite surfaces.®> Therefore, a theoretical investigation
of the reaction intermediate, HCOOH, on the brookite TiO, (210) surface would
help to further validate proposed reaction pathways in this work as well as in the
literature. Periodic DFT work conducted by Li et al. is the first theoretical study
of its kind to investigate HCOOH adsorption behavior on the brookite TiO, (210)
surface.”® The proposed future work could be executed in the same manner as Li
et al. (e.g. periodic slab models) but with investigating the competitive adsorption

behavior of HCOOH in the presence of other molecules.
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Characterizing the adsorption and desorption behavior of reactants (CO,,
H,0), and products (CO, CH,) on untreated (stoichiometric) and treated (V)
brookite-containing materials (pure and mixed-phase) is another feasible approach
to future work. In essence, an experimental study utilizing DRIFTS would serve
as a perfect means for executing this proposed work. Results from this type of
study would provide a practical idea of how small molecules interact with
brookite-containing materials. In summary, theoretical and experimental work
outlining the competitive adsorption behavior of reactants, intermediates, and
products on brookite TiO, materials serve as a significant basis for reaction

prediction on these types of surfaces.
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