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Abstract

Developing economic strategies for the conversion of carbon dioxide, given its poten-
tial impact on global climate change, has become necessary for the long-term sustain-
ability of the planet Earth. From traditional thermochemical routes, CO, conversion
requires a substantial amount of costly energy, which in itself produces CO,. Utilizing
solar energy, particularly radiation in the visible spectrum, can be the most efficient
method for supplying the energy requirement. This review explores TiO,, and its various
polymorphs, as a catalyst component in CO, photoconversion. Titania is an abundant
resource that would make for a low-cost catalytic material. As shown in this work, crystal
lattice defects in TiO, can be systematically tailored to yield a photocatalyst that pro-
vides optimum adsorption and activation of CO, on the TiO, surface and allows suffi-
cient electron—hole separation times. These separation times are necessary for efficient
surface site chemistries to occur. In addition to synthesis techniques, this review also
describes the latest characterization tools used to investigate lattice defects, including
oxygen vacancies, as well as corresponding Density Functional Theory (DFT) studies.
Two key features of this work will be (1) defining the relationship between the lattice
defects and (2) the Fermi Energies that are paramount for activating the catalyst in the
visible region. The catalyst is thereby optimized by controlling these defects.
Furthermore, TiO5-based hybrid photocatalysts and their corresponding lattice defects
in photoconversion of CO, to useful products are discussed.
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1. Introduction

The rise in atmospheric carbon dioxide (CO,) has caused concerns
toward its effects on global climate change. Climate scientists suggest that
a 50% reduction in CO, emissions is necessary to limit the rise in the average
global temperature and to reduce mankind’s carbon footprint. Therefore,
proper utilization of CO,, specifically power plant and industry generated
large point sources, becomes immensely essential. Utilization of CO,, in
other words, converting CO, to useful and carbon neutral products can
be performed through various techniques, including thermochemical,
chemical, biological, electrochemical, and photocatalytic conversions. In
recent years, there has been increased interest in the photocatalytic conver-
sion of CO, primarily into carbon monoxide, formaldehyde, formic acid,
acetic acid, methane, light hydrocarbons, and methanol (7,2).

Titanium dioxide (TiO,) nanoparticles can provide the fundamental
building blocks of photocatalysis, a significant area of solar energy utilization
(3). TiO, is an abundantly available n-type semiconductor with high
chemical stability, simple composition, and is environmentally nontoxic
(4). Furthermore, TiO, manufacturing processes are easily scalable (5).
Recent studies have revealed that surface-disorder-engineered TiO, (or
defect rich TiO,) has excellent photocatalytic activity due to good charge
carrier separation and enhanced quantum efticiency (6). Chen et al. men-
tioned that the visible and infrared absorption and carrier trappings can be
optimized with the introduction of a large number of surface or lattice
disorders within TiO, (7).

These lattice disorders give origin to point (or lattice) defects on the
Ti0O; surfaces, which play a vital role in photocatalytic applications, includ-
ing the photoreduction of CO, by acting as active sites for chemisorption
and molecular dissociation of CO, (8). In other words, the adsorption
and activation of CO, in the presence of point defects have been shown
to be enhanced. Liu ef al. inferred that the point defects such as Ti>* and
oxygen vacancies helped in allowing the efficient charge or hole transfer
between CO,/H,0O and reduced TiO; (TiO,_x) under photo-illumination
(9). These defects lead to more favorable formation of bridged CO,™,
HCOj3 ™, and HCOOH. Proper utilization of point defects aids in product
selectivity from CO, photoreduction (9). Realizing the significance of point
or lattice defects in the enhancement of a photocatalytic reaction, further
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development and examination of TiO, at the atomic level could lead to
more improvements in the field of CO, photoconversion to useful
chemicals.

This review covers the most recent research on lattice defects of TiO,»
including their origin, synthesis, recovery, and characterization techniques
as well as their role in the photocatalytic reduction of CO,. CO, conversion
was chosen as the benchmark reaction due to its high degree of thermody-
namic stability and a societal need for its removal from the atmosphere. Of
particular interest, for economic reasons, is the CO, reduction using H,O as
the reducing agent. As will be shown, adsorption and surface reactions of
both CO, and H,O are competing reactions. There are surface interactions
that can lead to limited electron flows and rate limiting redox reactions.
Finally, this work attempts to provide fresh perspectives in reference to
the development of novel photocatalysts for CO, conversion.

2. Background of TiO,

Ti0, 1s intrinsically an n-type semiconductor belonging to the group
of transition metal oxides (10,11). TiO5 has a general chemical composition
of 59.9 wt% titania and 40.1 wt% oxygen and a molecular weight of
79.9 g/mol. TiO, exhibits polymorphism, the capability of a solid material
to exist in more than one crystalline structure. There are four naturally
occurring polymorphs of TiO,—anatase, rutile, brookite, and TiO,
(B) monoclinic. Anatase, rutile, and brookite (Fig. 1) are the most studied
polymorphs (12—14). Two other polymorphs that can be synthesized from
rutile are TiO, (II) and T1O, (H) (hollandite) (15—18). Catalytically speak-
ing, catalysts with high surface to volume ratios (i.e., spherical) are of greatest
interest for their number of active sites per unit mass. However, for TiO,,

Fig. 1 Crystal forms of TiO, as found in nature (A) Anatase, (B) Brookite, and (C) Rutile.
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spherical geometry leads to electron—hole recombinations that hinder effi-
cient electron transfers necessary for reactions. Therefore, a balance must
be sought.

2.1 Crystallography of TiO,

Metal oxides such as titanium dioxide have their crystal structure built with
MO,, polyhedral building blocks. For example, T1iO, is made up of repeat-
ing fundamental TiOg4 polyhedral unit cells (or more specifically TiOg4 octa-
hedral units). Each of the polymorphs of TiO; have differing arrangements
of these octahedral units, leading to different crystal structures. The rutile
unit cell is made up of two Ti atoms and four oxygen atoms, whereas the
anatase unit cell is made up of four Ti atoms and eight oxygen atoms, for-
ming the TiOg4 octahedrons. The ball and stick representation of the bulk
unit cells of rutile, anatase, and brookite are shown in Fig. 2 with oxygen
atoms colored red and titania in blue. The bulk crystal structure of anatase
has a greater distorted TiOg4 octahedra than rutile. The arrangement of TiOgq
octahedral units can be controlled by tuning the pH of the reaction solution,
introducing interfering ions, or changing reaction parameters in the syn-
thesis of TiO,. The local environment of TiOg octahedra can be distorted
by adding interfering or blocking ions such as Fe>", S¢>*, and Sm>". Such
interfering ions introduce local chemical defects and change the chemical

Fig. 2 Crystal structures of TiO, (A) Rutile, (B) Anatase, and (C) Brookite (74).
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potential energy of the octahedral units altering the arrangement of the octa-
hedral units of TiO,. Precise control over the arrangement of these poly-
hedral units will make it easy to tailor the photovoltaic, catalytic, and
electrochemical properties of the metal oxides as needed (19).

2.2 Polymorphs of TiO,

2.2.1 Anatase and rutile

Anatase, rutile, and mixtures of anatase and rutile are the most commonly
studied phases of TiO, The crystallographic details and band gap energies
are given in Table 1. Anatase is most stable at low particle sizes (<14 nm),
while rutile phase is more stable in its bulk form. Because of its stability in
the nanometer range, anatase is considered more suitable for catalytic appli-
cations (21). Anatase also shows superior photocatalytic activity over rutile
even though anatase has a wider band gap energy. However, reasons for this
phenomenon is still in debate. Zhang ef al. states that anatase has an indirect
band gap while rutile and brookite have direct band gaps. The indirect band
gap helps in delaying the recombination of photoexcited electron—hole pairs
(22). Also, the photogenerated charge carriers or excitons in anatase can easily
diffuse to the surface to take part in photoreduction and photooxidation reac-
tions as they have the lightest average eftective mass when compared to rutile
and brookite (23). The most commonly used photocatalyst 1s Degussa P-25,
which is a mixture of both rutile (~20%) and anatase (~80%) phases. This
mixture ratio has been observed to aid in synergistic effects giving increased
photocatalytic activity including CO, reduction (24). The increased photo-
catalytic activity 1s due to the formation of a heterojunction, as shown in
Fig. 3, that aid in charge carriers being separated and stored in difterent loca-
tions, thereby increasing the time of electron—hole separation. In the case of
defective anatase with surface oxygen vacancies and titanium defects (Ti>"),

Table 1 Crystallography of the three crystal forms of TiO, (79,20).

Formula units Stability
Crystal Space per elementary Band Gap at high
form Crystallography group cell (eV) temperatures
Anatase  Bipyramid I4,/amd 4 3.2 Stable
Tetragonal
Rutile  Tetragonal P4,/mnm 2 3.0 Metastable
Brookite Orthorhombic Phca 8 3.1-3.4  Metastable

TiO, (B) Monoclinic C2/m 8 3.1-4.1  Metastable
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Fig. 3 Heterojunction formed in mixtures of anatase and rutile TiO,. CB and VB repre-
sent the conduction band and valence band, respectively, while the energy in eV rep-
resents the value of the band gap between CB and VB from Table 1.

Liu et al. have shown to have a 10-fold higher conversion of CO, to CO and
CHy, than the defect free anatase (9). It 1s also possible with defect rich anatase
for an electron to become attached to CO, (forming Ti**-CO,7) evenin a
dark environment (9).

2.2.2 Brookite

Brookite is the third naturally occurring polymorph of TiO,. Brookite has
received little attention as a possible catalyst over the years since it is meta-
stable (13,14). However, a renewed interest on brookite can be seen in the
most recent literature. Combinations of anatase and brookite are possible
catalysts for CO, photoreduction and were tested through charge analysis
calculations. It was discovered that the CO, radical anion, CO5 , which
is the first intermediate in CO, conversion, was formed on anatase surfaces
and not on the brookite, suggesting brookite as an unsuitable catalyst for this
reaction. However, synthesizing brookite (210) with oxygen vacancies
enhanced the charge transfer to the CO,, promoting the formation of the
CO5 Therefore, brookite with induced oxygen vacancies may be a prom-
ising catalyst for the photoreduction of CO,. Brookite nanorods with
induced oxygen vacancies were also synthesized by Park et al. and showed
visible light response due to the oxygen vacancies (25). Furthermore, brook-
ite nanocrystals with oxygen vacancies showed higher photocatalytic activ-
ity in CO, conversion to CO and CH, (CO production of 17.25 pmol/g) in
comparison with oxygen deficient anatase (CO production of 10 pmol/g)
and rutile (CO production ~4 pmol/g) nanocrystals (9).
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Anatase-rich/brookite (75:25) mixture was studied to be more active for
the photoreduction of CO, than Degussa P-25 or anatase-rich/rutile in sim-
ilar ratios (74). These results suggest the possibility of adequate electron
transfer taking place in brookite-based TiO, composites. However, there
1s no analytical evidence for the electron transfer (10).

2.3 Significance of crystal facets of TiO, in photocatalysis
applications—CO, conversion

The photocatalytic activity depends on the external surface (or the crystal
facet) of the catalyst being exposed to the reaction. In other words,
crystal facets of T1O, play a significant role in photocatalysis because each crys-
tal facet of TiO, is unique in terms of surface and stereochemistry due to the
diftfering arrangement of the surface atoms on the facets and due to the pref-
erential flow of photogenerated charge carriers (26,27). Each facet has its own
contribution in catalysis applications. For example, while the (001) facet of
rutile and anatase provide the sites for oxidation, rutile (110) and anatase
(101) facets provide the sites for reduction (27). In brookite, the (201) facet
1s oxidative, while (210) is reductive (13). The most studied facets of anatase
are (101), (001), and (011) and for rutile (110), (100), (001), and (011).
Different facets have difterent electronic states. Exposing two difterent crystal
facets to UV illumination in an optimum ratio can lead to a preferential flow of
photoexcited electrons and holes in the facets, enhancing the quantum yield.
The (001) facet of anatase 1s a high-surface energy facet with high oxidative
abilities, whereas the (101) facet of anatase is a low surface energy facet with
high reductive abilities. The surface energies for various crystal facets of ana-
tase are given in Table 2. The high surface energy of (001) facet is because of
the 100% presence of fivefold-coordinated titanium atoms (Tis.) on the sur-
face of the crystal, while the (101) phase only has 50% Tis. (26). D’Arienzo
et al. quantitated the (001) surface energy using electron spin resonance (ESR)
where the recombination of photogenerated electrons and holes are greatly
reduced (27).

Approximately 90% of anatase’s surface is composed of the thermody-
namically stable (101) facet. In a truncated octahedral anatase, eight sides
of it are made up of (101) crystal facet with two of (001) facets on top

Table 2 Average surface energies of the crystal facets of anatase TiO, nanocrystals (26).
Crystal facet of anatase TiO, nanocrystals y (001) y (100) y (101)

Average surface energies (J/m”) 0.90 0.53 0.44
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and bottom. Therefore, most of the photocatalytic reactions occur as per the
performance of the exposed (101) facet. There are interesting unusual
physiochemical properties of (001) facet when exposed. It was mentioned
in the literature that the photocatalytic activity of the (001) facet-exposed-
anatase was higher than the (101) facet-exposed-anatase. The reason being is
that the anatase (001) has a high density of active unsaturated T1i atoms and
active surface oxygen atoms helping in enhancing the photoactivity (28). Yu
et al. reported on the photoreduction of CO, with coexposed (001) and
(101) facets of anatase and the eftects of change in the ratio of the mentioned
facets in the CO, photoreduction to methane process (28). Hydrofluoric
acid (HF), a morphology controlling agent (29), was used to create anatase
TiO, with increased (001) crystal facets along with (101) facet. Increases in
the concentration of HF increased the (001) facets on anatase. The CO,
reduction to methane increased with an increase in (001) facets.
However, a greater increase in (001) facets leads to a decrease in the
methane formation. This is because, increase in (001) facet created an
electron-overflow eftect. With (001) and (101) facets, the electrons need
to flow from (001), leaving behind holes into (101) facet for efficient elec-
tron—hole separation. As the (101) facets are reduced with increases in sur-
face exposed (001) facets, the migration of electrons to (101) becomes
difficult leading to easy recombination of electrons with holes left behind
in the (001) facet. Therefore, an optimum amount of (001) and (101) facets
must be created on the anatase for efficient photoreduction of CO, to meth-
ane. The optimum ratio of (101)/(001) facets given by Yu et al. was 45:55.
An optimum amount of these facets will allow the (101) facet to provide
effective reduction and the (001) facet for effective oxidation situations
(28). Roy et al. has stated that the equal ratios of (101) and (001) and/or
(100)/(010) facets provide the best photocatalytic activity. The facets
(001) and (101) of anatase also greatly influence the photoconversion of
CO; (26). It was inferred by Yu et al. that the photoreduction of CO, to
methane was highest (increasing from 0.15 to 1.35 pmol/g h) with 58%
of (001) facet on anatase TiO, (28). Synchronous illumination X-ray pho-
toelectron spectroscopy (SIXPS) was used to determine the movement of
photoexcited charge carriers. The intact-TiO, (intact (001) and (101) facets)
had fast recombination of charge carriers, meanwhile optimizing TiO, with
selectively etching (001) facets showed delayed electron—hole recombina-
tion. This delayed recombination of charge carriers was shown to have a sev-
enfold higher production of hydrogen as compared to the intact-TiO,
microcrystals (30). The photocatalytic performance also depends on the
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crystal size along with the type of crystal facet of TiO,. Tong et al. reported
that the photodegradation of methylene blue was highest for crystal size of
1.3 pm with 45% of the surface being (001) crystal facet (29).

The greater influence of (001) facet on the adsorption and reaction of
CO, than (101) facet was studied with the help of FTIR and DFT. It
was determined that the Ti sites on (001) facet had lower Lewis acidity than
(101) facet of TiO, anatase. In addition to this, the surface oxygen sites on
anatase T10, show higher Lewis basicity on (001) facet than the (101) facet.
The high basicity of (001) facet of TiO; is the reason behind greater adsorp-
tion of CO,, leading to high reactivity and increased conversion.

3. The role of lattice defects and their respective crystal
facets in CO, photocatalysis

T10O, has always been an active photocatalyst, showing a higher pho-
toactivity in its reduced form (TiO,_,) constituting of point or lattice
defects. Some of the significant and most commonly known point defects
of TiO, are oxygen vacancies and titanium defects. The point defects of
TiO, have been discussed in detail in later parts of this review. Zhang
et al. showed an enhanced photoactivity in converting CO, with the pres-
ence of Ti>" (titanium defect) and oxygen vacancy defects on facets
(001) and (111) of TiO, producing CO and CHy under visible light and
UV light. The TiO, with defects showed 10-fold greater photoactivity than
P25 under visible light and three times greater photoactivity under UV (31).

These lattice defects, namely oxygen vacancies and titanium defects, play
a significant role in the enhancement of the photoactivity. This is because of
two main reasons. First, oxygen vacancies have shown to increase the
adsorption of radicals derived from H,O, O, and CHy. In a similar way,
oxygen vacancies have also shown to increase the adsorption of CO, on
both anatase and rutile surfaces. New adsorption configurations arise for
COs 1n the presence of oxygen vacancies on (001) TiO, surface providing
significant charge transfer to CO, shown by large vibrational red shifts and
weakening of product C—O bonds from elongation. Secondly, point
defects in reduced TiO, provide more active sites for reactions to take place.
These point defects act as initiators and activators in heterogeneous catalytic
process (32). Ji and Luo have shown that oxygen vacancies are the real active
sites for many reactions on T1O,. In the case of CO, photoreduction, DFT
calculations have indicated that the electron transfer to CO, for its reduction
1s mediated by the surface defects such as oxygen vacancies along with them
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playing a key role in water-photocatalyst (T10,) interactions (33). Oxygen
vacancies take part in the dissociation of CO, on the surface as the first seg-
ment of the pathway that eventually converts CO, to value added chemicals.

CO; activation and dissociation in the presence of an oxygen vacancy
was explained by Lee ef al. The first step of CO, activation on the surface
of a photocatalyst is electron dissociation of the CO, molecule. Scanning
Tunneling Microscopy (STM) analysis showed that photo-excited electrons
transfer to the conduction band and quickly relax to the bottom of the con-
duction band. However, CO, dissociation lies ~1.4 eV above the conduc-
tion band minimum of TiO,. There is a need, therefore, for a solvent, such
as H,O or an alcohol, that coadsorbs with CO, and facilitates the electron
transfer process (34). The role of oxygen vacancies in CO, dissociation is
shown in Fig. 4.

The Ti*" defects formed as a result of oxygen vacancies have also shown
to facilitate the photoreduction of CO, (32). CO, dissociation on a TiO,
surface is an electron-induced process. The holes cannot dissociate COs.
The process of photo reducing CO, 1s a multistep process. The first step
is the adsorption of CO, onto the TiO; surface. CO, adsorbs more strongly
at the oxygen vacancy sites compared to the defect-free TiO, (110) surface.
The second step is the activation of CO, through transter of photogenerated
electrons from the photocatalyst forming negatively charged molecule
CO;™ as shown in Fig. 4. The third and final step is the dissociation of
CO; to form CO. The CO moves away from the reaction site probably
because of the excited energy state it is in (i.e., the energy gained from the dis-
sociation process). This process is known as dissociative electron attachment
(DEA). DEA appears to occur easily in cases when there is weak interaction

g - v
Pl -

CO,+Vy, —23» CO/+Vy, ——3 COg+Oy+e
Fig. 4 Dissociative electron attachment (DEA) schematics of CO, conversion to CO in
the presence of an oxygen vacancy (V,). Removal of oxygen atoms from the bulk or sur-
face a V, is formed (34).
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Fig. 5 Different oxygen vacancies and their positions in an anatase (001) TiO, surface.
(Ti=gray, O=red, Oxygen vacancy = Yellow) (32).

of CO, with TiO; (i.e., (110)). In the presence of an oxygen vacancy site, the
dissociation of CO, is quick as the dissociation of CO, supplies an oxygen
atom that heals the oxygen vacancy site, stabilizing the structure.

The role of oxygen vacancies in CO, dissociation on TiO, anatase
(001) was described by Huygh ef al. (32). The oxygen vacancies formed
in TiO, are given different notations with respect to their positions on
the TiO, structure as shown in Fig. 5. Each of them has shown to have a
differing role in CO, adsorption and photoconversion. According to the
DFT calculations, a strong influence of the defects was observed only when
the oxygen vacancy (Voq) 1s present in the same row (010) as the CO,
adsorbed site on TiO, (adsorbed in the form of B(I) configuration).

The B(I) configuration is the monodentate carbonate structure. In this
configuration, the oxygen atoms of CO, bind to fivefold coordinated
Tis¢ centers in the same row (010) and carbon atoms bind to twofold coor-
dinated oxygen atom. The strong destabilization of CO, on T1O; in this case
occurs due to both electronic and structural causes. For the electronic causes,
the oxygen atoms are the Lewis bases of CO, and bind directly to the Lewis
base centers of the surface, which are the Ti’* defects generated as a result of
oxygen vacancy, causing destabilization and eventual dissociation. For the
structural causes, TiO, in the B(I) configuration has an angle of 145.6°
whereas the reduced TiO, has an angle of 102.8°. On the adsorption of
CO,, the angle increases to 167.1° and introduces stress, causing
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destabilization and eventual dissociation. Lower reactions barriers are found
in the presence of oxygen vacancies on TiO;_x, as one of the oxygen atoms
from the CO5 is used to heal the oxygen vacancy forming CO as the product
stabilizing the T1O, structure as mentioned earlier (32).

When considering water splitting as an analogy toward CO, reduction in
the presence of water, a pathway was suggested by Petrik and Kimmel (35).
Initially, water adsorbs onto the T1O, surface through a precursor-mediated
mechanism. Subsequent adsorption of water molecules occurs on Tis, sites
and bridging oxygen sites. As the water diffuses along a Ti row and
approaches an oxygen vacancy, it is adsorbed onto the vacancy where it then
dissociates, creating a pair of bridging hydroxyls (Fig. 6) (35).

A similar pathway can be assumed when considering photoreduction of
CO, using water as the reductant that provides the necessary hydroxyl rad-
icals. These hydroxyl radicals play a significant role in the photoconversion
of CO, to CO, CH,, etc. A few of the possible reaction pathways
(Reactions 1-Reaction 7) for the formation of CO from CO, photoreduc-
tion with water vapor on oxygen deficient TiO, anatase and brookite phases
were given by Liu et al. (9) (Fig. 7).

H,Or; + Vo + Op — 20Hj, (bridging hydroxyl)
H,O +h" — H" + 0H.
CO, + T'" — Ti*" — CO;
OH.+CO, — HCOj;

Reaction 1)
R eaction 2)

Reaction 3)

(
(
(
(Reaction 4)

20

10 A

Energy (kcal/mol)
I
>

—40

Reaction coordinate

Fig. 6 Minimum energy pathway for CO, dissociation starting from B(l) on reduced
Anatase (001) surface with no Vg, and with no zero-point energy corrections (34).
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Fig. 7 Reaction schematics of H,O on reduced TiO, (110) (35).

Table 3 Photocatalytic conversion of CO, to CO and CH,4 from
defect rich polymorphs of TiO, (9).
Defect rich TiO, CO Production

polymorph (pmol/g) CH, Production (umol/g)
Anatase 10 12.8
Rutile 4 4.1
Brookite 17 18.9
CO, +H " +e¢” — CO + OH" (Reaction 5)
CO, + CO;, — CO + CO;~ (Reaction 6)

CO; + [Ti3+ — Vo — Ti4+} —~ CO + [Ti4+ -0 — Ti4+} (Reaction 7)

As discussed earlier, brookite may be a promising photocatalyst for CO,
conversion. Liu ef al. compared the photoreduction of CO, in the presence
of water using different polymorphs of defect rich TiO,. Brookite, with sur-
face engineered defect sites, showed the highest yield when compared to
anatase and rutile for CO and CH, production from CO, as shown in
Table 3. The reasons discussed were easier formation of oxygen vacancies
due to low formation energy of oxygen vacancy on brookite and/or a
quicker reaction of CO,~ with adsorbed H,O or surface OH groups (9).

In addition, these point defects provide the solutions for the two
major limitations of a photocatalytic process: (1) the low quantum yield
or restricted harvesting of low energy light and, (2) the easy recombination
of charge carriers. The most important objective pursued while developing
efficient TiO,-based photocatalysts is to obtain at least the same, if not
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better, visible light absorption, possibly from solar energy with increased
electron—hole pair separation.

Absorption of visible light has been accomplished either by narrowing the
band gap or by nanoengineering the surface structure with defects. The optical
absorption can be enhanced by implanting structural defects. Implanted
defects create energy states in the band gap between the conduction band
(CB) and the valence band (VB) which leads to a new set of absorption tran-
sitions of lower energy within this band gap (36). The energy states created
due to defects leading to enhanced photoactivity even in visible light in
TiO, 1s explained in detail in the following paragraph.

The formation of point defects in TiO, brings changes in the electronic
interactions in the bulk TiO, including the Fermi energy value (which in
turn affects the photocatalytic performance of TiO,). In semiconductors
the Fermi level is an energy level located between upper energy of the
valence band and the lower energy of the conduction band. The position
of the Fermi level depends upon the defect disorder and the density of elec-
trons. The placement of the Fermi level is also one of the parameters in
determining the enhancements in the photocatalytic activity of TiO,. For
example, an increase in electron density along with the presence of point
defects such as, oxygen vacancies V, and titanium defects Ti*" in black
TiO, NT leads to modification in the built-in local electric dipoles causing
upward shift of the Fermi level. The localization of one or two electrons in
the lattice of TiO, takes place with removing oxygen atoms from bulk or

4 0.75 ev} 118 eV
——————— R e Oxygen vacancy states

3.2eV

2.02 eV (=614 nm)

Fig. 8 The donor electronic states emerging below the conduction band of anatase are
due to a missing oxygen atom due to removing the oxygen from the lattice of TiO, (37).
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surface thus forming oxygen vacancies. The driving intersection for
explaining such localization to occur in a highly ionic crystal is the long-
range Madelung potential. These electrons form donor levels below the
conduction band of TiO, located at 0.75-1.18 eV below the conduction
band of TiO, crystal as shown in Fig. 8 (37).

For example, in black TiO,, the surface disorders such as the oxygen
vacancy defects introduce localized states at 0.7—1.0 eV below the CB min-
imum. As a result, electronic transitions can take place from VB to these
localized states and next from these states to CB under lower energy light
such as visible and NIR light (7). The energy of these donor states increases
with the increasing number of oxygen vacancies, and eventually leads to
higher energy shift of the Fermi level through a larger electron mobility.
This higher energy shift of the Fermi level corresponds to faster movement
of electrons and thus increased photocatalytic activity (37,38). The general
positioning of the Fermi level in the reduced TiO, with defects in photo-
catalysis for CO, reduction to CO, HCOOH, CH, and water splitting to
oxygen and hydrogen is shown in Fig. 9 (38).

Conduction band
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Fig. 9 Schematic representation of photocatalytic reduction of CO, and water splitting
taking place in TiO, and the corresponding Fermi level positioning E¢. The energy states
represented in orange color is due to the defect states such as oxygen vacancy and Ti**
defects between Fermi level and the conduction band minimum (38).
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Furthermore, introducing large amounts of Ti*" defects into brookite
nanoparticles has shown increased solar energy absorption with enhanced
photocatalytic reduction of CO, (13). The enhanced photoreduction is
likely due to the increased charge carrier separation whose pathway can
be explained by:

Oxygen vacancies— excess electrons trapped by Ti*"—Ti*" to
Ti>" — high conductivity + increased electron—hole separation (13).

The longer the charge carriers are separated, the more time that is available
for the oxidation and reduction reactions to take place in a photocatalyst. This
leads to higher photoactivity in organic pollutant degradation, hydrogen pro-
duction, and CO, reduction.

4. Defects in the TiO, crystalline structure

Different forms of structural imperfections exist in crystalline solids.
These imperfections have a significant eftect on specific crystal properties
such as the transport of charge carriers, reactivity, and photo-reactivity
(39,40). Detect engineering on TiO, nanocrystalline materials leads to
the creation of highly disordered TiO, surfaces with a large number of oxy-
gen vacancies providing not only efficient visible and near infrared light
absorption but also high photocatalytic activity in organic compound deg-
radation and hydrogen production. These developments were implemented
into CO, photoreduction. The point defects were stated to help in CO,
activation along with enhanced CO, photoreduction due to the increased
electron donor density promoting efficient charge transport (41). The dif-
ferent types of structural imperfections (or defects) are point defects, planar
defects, and spatial defects. Point defects are thermodynamically reversible.
The formation of these defects, as well as their concentration, depends on
the surrounding gas partial pressure and the temperature of the system.
Planar and spatial defects are thermodynamically irreversible defects and
are independent of temperature and chemical composition of the surround-
ing gas (40).

4.1 Point defects

Ti0O,, a nonstoichiometric solid, can be oxidized or reduced within a single
phase leading to the formation of defects in the crystal lattice. These defects
are known as point defects (42). Point defects can be intrinsic or extrinsic.
This review will largely concentrate on the intrinsic point defects of TiO,.
Until recently, the known intrinsic point defects (also known as Wadsley
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defects) of TiO, have been oxygen vacancies, titanium vacancies, titanium
interstitials, and reduced forms of TiO_xy (2,43,44). Point defects play a
very significant role in most of the surface reactions including photocatalytic
reactions as they are efficient reactive agents for many adsorbates (45).

4.1.1 Intrinsic point defects of TiO,

Intrinsic defects are n-type defects (45). These defects are named by two dif-
ferent types of notations known as traditional notation and Kroger—Vink
notations Table 4. The most important one in discussing this work is the
Oxygen Vacancy Defect (V,). The Oxygen vacancy defect refers to the
missing of an oxygen ion from its lattice site (46,47). TiO, can undergo a
loss of oxygen forming surface or bulk vacancies. These oxygen vacancies
bring changes to electronic and chemical properties of TiO,. They not only
help in enhancing the performance of TiO; but also in enhancing the photo-
catalytic performance when being used as an anchor or catalyst support for
metals like gold and copper nanoparticles (48). These vacancies also aid in
the formation of Ti*" point defects (Reaction 8) which also takes part in
the charge transfer process (49).

O + 2Ti*" - Vo + %Oz + 2T (Reaction 8)

These oxygen vacancies also tend to disappear in the presence of oxygen
atmosphere. The possible pathway for such a situation is given in by

Table 4 Notations for the point defects (46).

Traditional Kroger-Vink
Description notation notation
Oxygen vacancy Vo Vo
Titanium vacancy Vi V"
Ti4+ ion in the titanium lattice site Tit: Tip;
Ti}" ion in the interstitial site TiH" e
Tt ion in the titanium lattice site T3 " Ty
(quasi free electrons)
Ti" ion in the interstitial site T Ti;
O%, ion in the oxygen lattice site 05 (@

Og ion in the oxygen lattice site Oo h
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Reaction (Reaction 9) (48). Oxygen vacancy defects are also important
because they increase the Lewis basicity of the TiO, surface which help
in increasing the adsorption of CO5 on the anatase and Ti1O, rutile surfaces.

T — [ — Ti*" + O, — Ti*t — O, — Ti>" (Reaction 9)

As pointed out by Nowotny and coworkers, titanium vacancies also contrib-
ute to intrinsic TiO, defects. During calcination, titanium vacancies are
formed when oxygen is adsorbed and participates in the subsequent building
of new lattice elements. Under reducing conditions (i.e., calcination using
H, or inert atmosphere), titanium ion may “jump” from its lattice site into
an interstitial site (47).

4.1.2 Extrinsic point defects of TiO,

Point defects in TiO; arising from doping with external elements, metals or
nonmeals, (such as C, V, W, Fe, S, N, Ba, and Sn) are termed as extrinsic
point defects of TiO, (50). For example, oxygen vacancies in TiO, can be
created by doping TiO, with metal ions such as Ba>", and lattice distortion
can be created by Sn*" doping. Sn*" (metal ion) induced lattice distortion
was studied by Yang et al. (51). The Sn*" ionic radius is larger than the ionic
radius of Ti*". The Sn>" ions occupy only the interstitial sites of TiO,
resulting in severe lattice disorder. Changing the concentrations of the metal
ion changes the surface to bulk defects ratio. An appropriate surface to bulk
defect ratio can increase the electron—hole separation efficiency. Doping
with Ag creates Ti°" defects as reported by Saravana et al. X-ray
Photoelectron Spectroscopy (XPS) characterization reveals that the incor-
poration of Ag leads to the reduction in Ti binding energy, showing the
partial reduction of Ti** to Ti*" (52).

Xing et al. showed increase in CH, yield from CO, by 13 times from
0.125 to 1.63 pmol/g..h under solar light with methane selectivity
improved from 25.7% to 85.8% by fluorination of TiO, , (53). The
F atoms aid in improving the reduction potential of TiO,_, by being
substituted into the oxygen vacancies of reduced TiO,. From Fluorine’s
strong electron-withdrawing property, electrons are withdrawn from Ti’*
defects and converts them to Ti'". The CH, selectivity and yield under
photocatalytic condition is a result of an electric field that upsweeps the
Ti>" impurity level enhancing the reduction potential. This strategy is yet
to be readily implemented as it entails major photocatalytic disadvantages
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such as, increased charge carrier combination, heterogeneity, and low ther-
mal stability (54). Additionally, solvents such as ethylene glycol, ethanol,
polyethylene glycol can also induce surface disorder in TiO; nanoparticles.
The solvent molecules bind to the TiO, nanocrystal surface forming C—H
and C—O-T1 bonds eventually resulting in a thick disordered surface layer.
The solvent acts as a reducing agent, partially reducing TiO, to an oxygen
vacant T10,_..

4.2 Planar defects

Some of the planar defects are shear planes and grain boundaries (40). Initial
oxygen deficiency in TiO, leads to the formation of point defects.
Additional increases in oxygen vacancies lead to the formation of shear
planes (43). Subsequently, a phase transition occurs in shear planes to form
oxygen deficient phases known as Magneli phases. Magneli phases are
formed by heat-treating T1O, in a reducing atmosphere. These Magneli
phases have a chemical formula T1,0,, 1 (n=4-9) (55). In T1,05, 4, every
nth layer has an oxygen deficiency. Shear planes rearrange themselves to
accommodate the oxygen vacancies forming Magneli phases. These
Magneli phases have been investigated to have exceptional electrical con-
ductivity and chemical stability in aggressive acidic and alkaline mediums
and have promising applications in photocatalysis (12).

Grain boundaries, on the other hand, are responsible for the movement
of electrons and trapping of electrons in polycrystalline TiO,. The transport
of electrons in T10O, is determined by the chemical potential of electrons at
the interfaces such as grain boundaries (46). The transport of electrons
between the grain boundaries can be hampered by creating disturbances
in the electrostatic potential of polycrystalline TiO,, creating a large number
of trapping sites for electrons. Electron trappings are highly significant in
photocatalytic processes as they increase the time of electron—hole separation
making grain boundaries an essential research area in photocatalysis.
Electron trappings can be calculated theoretically using DFT calculations.
Wallace and McKenna provided an insight into the interaction of electrons
with the grain boundaries using kinetic Monte Carlo simulations (56). One
of the other types of defects formed in TiO, are spatial defects. These
defects are three-dimensional defects and are formed by heterogeneous
doping by dispersing small particles of one phase of TiO, into a host phase
of TiO, (40).
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5. Methods to synthesize lattice disorder engineered
TiO,

Synthesis of oxygen vacancies ultimately leads to lower bandgap ener-
gies (i.e., energy required to move an electron from the valence band to the
conduction band). Oxygen vacancies promote structural relaxations, leading
to a decrease in bandgap energy from 3.2 to 2.4 eV (47). There are generally
four methods used to induce intrinsic point defects in T10O,.

1. Annealing in vacuum at high temperatures
Reaction of the TiO, precursor with reducing agents at high temperatures

2.
3. lon bombardment, electron bombardment, and plasma engraving.
4. UV radiation

5.1 Annealing in vacuum at high temperature

Annealing TiO; in a vacuum at ~900 K creates bridging oxygen vacancies
~5%—10% of the total concentration on TiO, (110) surface (58). Fig. 10
shows an illustration of the bridging oxygen vacancy in TiO, (110) (57).
Surface oxygen vacancies and Ti’' defects are the result of annealing,
whereby sub energy levels below the CB are created. The band gap of
the TiO, is now lowered causing a red-shift of the reaction. The photore-
duction of CO, to CHy (450-620 nm wavelength) have been shown using
annealed T1O, (24).
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Fig. 10 Depiction of oxygen vacancy in rutile TiO, (110) (57).
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5.2 Titanium dioxide precursor with reducing agents at high
temperatures

Some of the reducing agents currently used in creating defect rich TiO, by
reacting with a TiO, precursor at high temperatures are hydrogen, carbon,
and aluminum. Yang et al. reduced titanium (IV) tetra isopropoxide, a tita-
nium dioxide precursor, with active carbon at high desirable temperatures in
the presence of air (59). The synthesis procedure, as shown in Fig. 10, creates
Ti** defects by reducing Ti*" ions to Ti*" ions and forming oxygen vacan-
cies TiOp_x) in the process. Oxygen vacancies in anatase phase were
obtained at 500 °C and rutile phase with oxygen vacancies above 500 °C
(59). The indication of oxygen vacancy in T1O, can be seen from the change
of its color from white to yellow or blue. The reduced state of T1 in TiO,
can be confirmed from electrical conductivity measurements as the Ti>"
reduced state has higher electrical conductivity than Ti*" state. Hydrogen
treatment of fine rutile phase at temperatures around 600-800 °C can also
be used to create oxygen vacancies. However, using carbon instead of
hydrogen is a low-cost method with simple operation (Fig. 11) (59).
Hydrogenation techniques to create black anatase with lattice disorders
for enhanced solar absorption was introduced by Chen. Chen synthesized
black T1O, nanoparticles with surface disorders by placing the synthesized
Ti10O, nanocrystals in a hydrogen atmosphere for 5 days at 200 °C and 20 bar
(7). Introducing dopants into these disordered surfaces induces mid-gap

Amorph i .
phous Ti0, Anatase TiO,
00000000000 o NN
0000000000000
—_—
Active carbon Active carbon
Oxygen vacancy Oxygen vacancy

TiO,_, (anatase phase) TiO,_, (rutile phase)

Formation of oxygen vacancy TiO,_, by active carbon reduction

Fig. 11 Formation of oxygen vacancy TiO,., by active carbon reduction (59).
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states resulting in shifting the light absorption from blue to infrared or visible
light region. These mid gap states are also named as band tail states over-
lapping with the conduction band edge. Naldoni ef al. synthesized black
TiO, under hydrogen atmosphere at 500 °C for 1 h followed by fast cooling
in inert atmosphere. This black T1O, was stable for more than 10 months in
air which was believed to be due to the presence of Ti’" in the bulk rather
than on the surface (60).

Maintaining a hydrogenation environment is difficult and other methods
to produce black defect-rich TiO, was investigated. Zhu developed success-
tul reduction of graphene oxide using aluminum with low a C/O ratio (61).
In addition, brookite with high photocatalytic activity was synthesized using
aluminum. Aluminum, acting as a reductant, reduced the oxygen partial
pressure providing the kinetic driving force needed to form lattice disorders
and oxygen vacancies on the surface. Creating defects such as Ti*" and oxy-
gen vacancies in brookite by reducing brookite TiO, to TiO,@TiO,_x
with aluminum in a two-zone furnace has shown to enhance both visible
light and near infrared light absorption (61).

5.3 lon or electron bombardment

Bombarding clean and flat surfaces of TiO» (110) with Ar* (3 keV, 8 x 10'°
ions/cm?) at room temperature leads to the formation of T1O (001) thin film
on TiO, (110) surface. This ion bombardment generates interstitial T1 cat-
ions which have been hypothesized to migrate to the interface and trans-
formed into a TiO thin film (62). Electron bombardment produces
oxygen vacancies while keeping the interstitial T1 defects in the subsurface
unaffected (or at least constant), which is not the case with the annealing
technique. Oxygen atoms can be removed from the anatase surface
(101) similar to rutile through electron bombardment producing oxygen
vacancies (62). Payne et al. bombarded TiO, anatase (101) (1 x 1) single
crystal with cycles of Ar' sputtering for 30 min followed by thermal
annealing up to ~950 K for 10 min. The created oxygen vacancies travel
to the sub-surface of the TiO, Additional surface oxygen vacancies were
created by bombarding the sample with electrons emitted from an electron
gun (500-550 eV, 13 pA/mm?). These oxygen vacancies induce Ti 3d band
gap states ~1 eV below the Fermi level and also lead to the formation of a
small polaron at the surface of the anatase (101) crystal facet (63).

Kong et al. created defects such as oxygen vacancies and Ti*" on TiO,
through plasma engraving of TiO, (B) nanosheets in argon atmosphere.
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The plasma source used was Harrick Plasma (13.56 MHz/18 W RF). The
chamber pressure was 40 Pa and engraving time was 2 h (64).

5.4 UV irradiation

Exposing TiO, (110)—(1 X 2) surface to UV irradiation creates line defects
along the (001) direction of TiO5 (58). Charge trapping centers such as Ti> ",
O™, and O, can be introduced by exposing the TiO, catalyst nanoparticles
to the UV irradiation of 150 W Xe UV lamp. The setup has TiO, catalyst
nanoparticles placed in a high vacuum quartz tubes (similar to those used in
electron spin resonance spectroscopy) (27). In the photo-assisted preparation
of titania colloids, exposure to 290 nm UV irradiation with a 500 W high
pressure Hg lamp for 8 h during the sol-gel process has been shown to
induce oxygen vacancy defects (65).

One of the other methods through which point defects can be intro-
duced include the oxidation of titanium foils. Either complete or partial
oxidation of Ti foils is known to produce a rich diversity of morphologies.
Pan et al. was able to synthesize brookite-rich TiO, through the partial oxi-
dation of Ti foils with a high density of defects (66). Oxidation of Ti foils at
temperatures below 700 °C produces dominant phase of brookite, whereas
>700 °C produces rutile as the dominant phase. The formation of T1 inter-
stitials and Ti vacancies depends on the temperature in Ti foil oxidation
which affects the rate of oxidation. At comparatively lower temperatures
(500—-600 °C) there is a slower rate of oxidation that result in an increased
supply of T1 (T1i foil) forming Ti interstitials within small T1O, particles. At
mid temperatures (600—800 °C), the fast rate of oxidation results in a lower
supply of oxygen (i.e., oxygen vacancies), and Ti vacancies are formed
1000 °C (66). Liu et al. generated Ti*" defects in TiO, through a unique
method, without any reductants, by rapid ice water quenching of pre
annealed TiO, (annealed at temperature range 800-1200 °C for 2 h).
This method also resulted in surface lattice distortions, which increased
by increasing the pre annealed temperature (54).

6. Origin of intrinsic lattice defects in anatase, rutile,
and brookite phases

The ability to control and construct oxygen vacancies and other
point defects on the required regions of the photocatalyst surface is of great
importance. Appropriately controlled oxygen vacancies or defects can be
used as efficient charge carrier separation centers rather than charge carrier
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recombination centers. The challenge is to control the amount of point
defects and construct it as required. Therefore, fundamental understanding
of the origin of the defect states or point defects/lattice defects is of great
importance. Additionally, it is also necessary to understand the origin of
the defects to improve and develop the scope of TiO,-based systems for
applications involving heterogeneous catalysis, photocatalysis, and waste
remediation (67).

DFT calculations have shown that the formation of point defects such as
oxygen vacancies and titanium interstitials follow the order brookite < ana-
tase < rutile at energies 5.52, 5.58, and 5.82 eV, respectively. These results
demonstrate that it is easier for surface defects to originate on brookite than
on rutile. Schneider ef al. studied lattice changes in TiO, upon intense laser
pulse illumination. Laser (355 nm) illumination of the TiO, samples led to
the removal of oxygen, leaving behind four additional electrons that either
stay in the vacancy forming F-centers (oxygen vacancy with trapped
electron) or they reduce Ti*" to Ti*" (68).

The photo-desorption of oxygen atoms upon laser excitation from the
metal oxide surface has been described to follow two mechanisms: (1) photo-
thermic and (2) photoelectronic processes. Photothermic is the excitation of
the vibrational mode of the surface atom bond followed by the breaking of
the bond releasing oxygen with excitation energy transferred to form pho-
non energy. Photoelectronic is the change of potential energy of the surface
atoms to kinetic energy due to the absorption of excitation energy from the
laser leading to oxygen desorption from lattice forming oxygen vacancies
which eventually lead to the formation of Ti*" centers (Reaction 10) (68).

O* +2Ti*" - Vo + %Oz + 2T (Reaction 10)

Xu et al. used lattice distortions to introduce Ti>" defects into TiO, micro-
spheres. These lattice distortions were synthesized by modifying the hydro-
thermal synthetic procedure of TiO, preparation using the precursor Ti
(SO,), with the addition of NaCl. Distortions in the lattice were produced
by introducing chlorine ions that caused surface stresses on the TiO, crystals.
These distortions produced Ti*" defects from the reduction of Ti*" to Ti**
ions. XPS analysis was used to detect the presence of Ti*" defects (39).
Oxygen vacancies can be formed on anatase by annealing pure TiO, at
high temperatures in an oxygen poor environment (i.e., He, Ny, or Ar
atmosphere). The formation of oxygen vacancies through this procedure
can be governed by Reaction (Reaction 11). This reaction is reversible,
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Fig. 12 Proposed energy level structure inside the band structure of Ti** self-doped
quenched TiO, with oxygen vacancies (54).

and the vacancies can disappear in the presence of air even at room temper-
ature. One of the methods suggested by Wu et al. to make this reaction
irreversible was through introducing acceptor-type dopants, such as Fe>,
for ion-charge compensation that would stabilize the oxygen vacancies
(Reaction 12). This reaction is irreversible due to the stabilization of oxygen
vacancies (69).

x TiOs 1 _ .
05 & Vg (oxygen vacany) + EOz(g) + 2e (Reaction 11)
Fe, O3 — 2Fely. + 30% + V;, (Reaction 12)

Liu ef al. studied TiO, lattice distortion, Ti’", and oxygen vacancy defects
formed by rapid quenching pre-annealed TiO, in 4 °C water. The rapid
quenching was said to shrink the surface layer of TiO, allowing for lattice
distortions and poly-crystallization of the TiO, surface. The oxygen vacan-
cies formed from pre-annealing could be partially frozen when quenched at
low temperatures. The free electrons associated with these frozen oxygen
vacancies are transferred to Ti* " sites leading to Ti’" defects. The proposed
energy level inside the band gap structure is shown in Fig. 12 (54).

The pathway for the formation of oxygen vacancies and titanium defects
1s given by Kong et al. (Reaction 13—Reaction 15). In the process of synthe-
sizing defect rich TiO, using hydrogen as the reductant, oxygen vacancies
originate by overcoming the activation energy of TiO, lattice arrangement
when Ti10O, host matrix interacts with the hot hydrogen molecule. In rutile,
creating disturbances in the electrostatic potential near grain boundaries
induces T1i sites as electron traps (46).

r Plasm,
200 5™ Op (lattice oxygen) + 2V (oxygen vacancy) + de

(Reaction 13)
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r Plasma
Tigy + e = Til, (Ti*) (Reaction 14)
Ar Plasma
200 + 4Tig; 5™ Til, + Oy + 2V, + 4e (Reaction 15)

7. Recently developed methods for characterizing
the lattice defects of TiO,

To understand the structure of defects, their role in surface chemistry,
and their respective charge transport properties which play a significant role
in photocatalytic applications as discussed earlier, well developed real space
characterization techniques must be established. Also, an atomic scale study
of the structural and electronic properties of the catalyst surface allows for the
understanding of the role of point defects in a catalytic process and ways to
control the chemical activity associated. Experimental and theoretical tech-
niques have been developed over the years to study lattice or point defects.
Experimentally techniques include analytical methods, such as scanning
tunneling microscopy (STM), time resolved photo luminescence spectros-
copy (PL), and electron paramagnetic resonance spectroscopy (61).
Theoretical techniques, including first principle calculations and density
functional theories, have been used (70).

7.1 Experimental techniques

Initial characterization of defects can be performed through examination of
color change in the material when treated to induce defects. The variation in
color of TiO, parallels to the different types of defects (71). The existence of
oxygen vacancies was seen through change in colors in treated and untreated
TiO5. Liu et al. observed that the color changed to brownish gray for anatase
and gray for brookite, representing the formation of oxygen vacancies.
These results were later confirmed with the help of diftuse reflectance infra-
red Fourier transform spectroscopy (DRIFTS) characterization. After
doping TiO, with niobium, Kong ef al. noticed the change in color of
TiO, from colorless to yellow (64). The yellow color increased with
increased niobium content. The yellow color is believed to be due to the
presence of peroxo species and due to the creation of bulk Ti*" defect states
that arise from charge compensation with niobium. Such type of defects can
be studied using various spectroscopic techniques, including electron
paramagnetic resonance (EPR), positron annihilation lifetime spectro-
scopy (PALS), 3D-AFM, and STM-AFM combination (71). Using EPR,
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Fig. 13 EPR spectra of UV-VIS illuminated TiO, polymorphs at 77 K of TiO, anatase
(black) and TiO, rutile (red) (68).
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Schneider et al. found that Ti’" centers show specific signals consistent

to their anisotropic nature. For example, while performing EPR on the
TiO, having Ti*" defects, the EPR showed an intense signal giving the iso-

tropic value of (g;,,) as 1.95 with slight asymmetry attributed to the presence
of Ti*" as shown in Fig. 13 (68).
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Similarly, Ou ef al. reported the detection of Ti>" defects using EPR..
The g¢-values at 1.973 indicated Ti>" and 2.002 indicated oxygen vacancies
in the lattice for lithium-reduced TiO,. EPR has become the chosen tech-
nique for characterization since XPS was insensitive in detecting Ti’"
defects (36).

Baykara et al. studied the surface of rutile TiO, (110) using 3D-AFM
coupled with STM to provide information on how individual defects of
rutile TiO, (110) crystal facet affects the local density of electronic states
(LDOS) and the work function with respect to tunneling current (57).

Stetsovych et al. also applied dynamic AFM coupled with STM to study
anatase (101) along with characterization of defects (72). On the one hand,
AFM was used in producing images of topmost oxygen atoms whereas on
the other, the average tunneling current information provided by STM gives
images of titanium atoms in the third atomic layer. These identifications
were confirmed by the first principle simulation of the tip-surface interac-
tion. Dominant characteristics of subsurface oxygen vacancy defects were
extracted from extensive collection of AFM-STM images acquired over
multiple measurement sessions to get extensive knowledge of oxygen
vacancy defects in anatase (101) polymorph of TiO,. It was observed from
the AFM-STM experiments that, subsurface oxygen vacancy sites bring
changes to surface geometry by inducing structural deformations through
subsurface bond distortions. This results in O, site above the vacancy to
get lifted by 28 pm while other surface atoms move downwards, an ideal
characteristic of the presence of subsurface oxygen vacancy, thus supporting
the AFM-STM image from Fig. 14A, which shows a bright wide feature in
the topographic image located at a O, site protruding ~28 pm from other
O, sites in defect free regions of the surface indicating a potential candidate
for subsurface oxygen vacancy defect. This is further supported by the STM
tunneling current <I,>signal which reduces under the protrusion seen in
the AFM image (72).

Atomic step edges are the extended defects present on reduced TiO, sur-
faces. Atomic step edges play an important role in the reactivity of TiO,
rutile surfaces. These constitute extremely stable oxygen vacancies.
Martinez et al. states that even if the surface point defects of rutile become
polluted (i.e., from environmental factors), point defects on the steps may
take part in the catalytic cycle. Fig. 15. shows an image of atomic step edges
on rutile T1O, (110) (73). However, atomic step edges and its related struc-
tural information is still a challenge, but with the help of AFM, some of these
structural edges may be illuminated (73). Wen et al. studied step edges on
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rutile (110)—(1 x 1) and related oxygen vacancies along the step edges using
AFM. Furthermore, a real-time measurement by combining AFM and STM
were performed to show the presence of oxygen vacancies along the (1-11)
step edges (74).

A novel method, positron annihilation lifetime spectroscopy (PALS), for
characterizing the oxygen vacancy produced in hydrogen modified TiO,
was used by Jiang et al. Using the ORTEC-265 instrument with the
PATFIT software, a fast-fast coincident phenomenon was measured at room
temperature by analyzing the positron lifetime spectrum. This method
proved to be quite sensitive and can be used in studying the size, type,
and concentration of the intrinsic defects in semiconductors by determining
the lifetime of the positrons. Positrons are preferential to low electron den-
sity areas, such as vacancy defects. Injecting positrons into the bulk materials
of semiconductors leads to their annihilation in the presence of electrons
releasing gamma rays which gives evidence about the lifetime of positrons
(75). The shorter the lifetime of the positron means defect-free crystal with
free annihilation of positron. On the other hand, longer positron lifetime
means lower electron densities, and therefore, defects of larger sizes. The
presence of defects (i.e., oxygen vacancies or monovacancies) in disordered
systems results in elongated lifetimes due to difficult access for being anni-
hilated. Usually, the positrons in the PALS method are annihilated due to
thermalization as they enter the solid anatase particles. Whereas, in the
method used by Jiang et al., the positron could diftuse through the lattice
reaching the grain boundaries, indicating a large number of boundary
defects, before being annihilated. However, the drawback of this technique
has been that it could not differentiate between bulk vs interfacial defects. It
only confirmed the existence of interfacial defects by showing longer life-
times of positron for the TiO, nanocrystal samples from TiO, (P25) (64,75).

Chen et al. implemented a nondestructive approach in probing the spatial
distribution of oxygen defects in and across the interfaces in transition metal
oxide heterostructures. Gaining information not only on the concentration
but also on the spatial distribution of defects near extended defects, such as
grain boundaries, is important in indicating the level of catalytic activity.
The combination of hard X-ray photoelectron spectroscopy and high res-
olution XRD was the nondestructive technique used by Chen et al. The
photon energy and the photoelectron emission angles were varied to obtain
information on the oxygen defect content buried in different depths across
the interfaces. The change in the photon energy from the photoelectron
spectroscopy gave information on the defects by analyzing the transition



Lattice disorders of TiO, and their significance 33

metal valence state and the cation composition. Complementing hard X-ray
photoelectron spectroscopy, XRD provided information on the lattice
parameters which shows the changes in the oxygen defect concentration.
Unique interface induced properties because of oxygen defects can be iden-
tified in layers of metal oxides through this technique (76).

The other kind of experimental characterization implemented in differ-
entiating between defective and nondefective TiO, is photoelectrochemical
characterization. Usually, the increase in photocurrent values generated
from the photoelectrochemical characterization is the indication of the
defective TiO,. Xu et al. successfully introduced Ti’* defects on the lattice
distortions in anatase TiO, microspheres. The following were the observa-
tions made: (1) an increase in the photocurrent value from 1.78 for pristine
TiO, anatase to 15.56 pA cm™ > for lattice distorted TiO», (2) an increase of
photocurrent value from 1.78 to 53.78 pA cm™ > with introduction of just
Ti>" defects, and (3) in the presence of both, lattice distortions and Ti>*
defects, the photocurrent value increased to 80 pA cm ™. The reason men-
tioned behind such an upsurge in the photocurrent value is because of the
increase in separation of the charge carriers with increase in the defects in
TiO, (39).

Fluorescence profiling can also be used in differentiating between defec-
tive and pristine TiO,, the lower the fluorescence emission intensity for
excited electron—hole pair, the less severe the recombination rate and the
indication of the presence of the defects. After implanting T10O, with defects
by reducing TiO, with lithium, Ou ef al. observed fluorescence decay pro-
files for both pristine and defective TiO,. The lifetime of charge carrier sep-
aration calculated for defective TiO, was 280 ps more than the pristine
TiO,, which was 230 ps, indicating a longer separation of charge carriers
due to the presence of defects (36). Typically, the fluorescence decay profile
1s used to tell the lifetime of photogenerated carriers. Additionally, the trans-
portation and recombination kinetics of photogenerated electrons and holes
can also be studied qualitatively through the fluorescence profile in solid
steady state conditions.

8. Theoretical techniques: Density functional
theory (DFT)

8.1 Brief overview of DFT as applied to TiO,

The most reliable computational quantum mechanical method
implemented for explaining and predicting the properties of a molecular
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system and extended materials, which has emerged over the past two
decades, 1s Density Functional Theory (DFT) (70). The reliability of this
computational method derives from the use of improved functional density
approximations to predict several sets of molecular properties with better
accuracy. Such strength makes DFT a valuable tool for the studies of molec-
ular dynamics including those of metal oxides. As an example, the electronic
structures of different polymorphs of TiO, including the defect formation
dynamics can be studied in detail using DFT with implementation of an
appropriate density functional. The three main types of established DFT
methods are (1) Local density approximation (LDA), (2) Gradient corrected
(GC) or generalized gradient approximation (GGA), and (3) hybrid func-
tionals. The selection of an appropriate density functional is of course
tasks-dependent but one often finds both accuracy and computational
efficiency to be the inevitable criteria. For example, hybrid density func-
tionals, which are used in studying the electronic structure of semiconductor
oxides, are popular due to its ability to treat the exchange-correlation inter-
actions. Some of the hybrid functionals used are B3LYP, the Heyd, Scuseria,
Erzernhot (HSE) functional or screened exchange functional (sX) (21,77).
The codes implemented in these DFT computational studies are available in
various software packages such as QUANTUM-EXPRESSO package,
Vienne ab-initio simulation package or VASP.

These computational codes are applied to create TiO, surfaces. The
layers are termed as slabs constituting a finite number of atoms making a
supercell of size (x, y, z). For example, Li et al. used slabs of 4 TiO, layers
containing 144 atoms for the anatase (101) surface making a (2 X 3) surface
supercell (21). The formation energies of oxygen vacancies and the localized
state associated with the oxygen vacancy is said to be sensitive to the
supercell size. A smaller size of the supercell can yield an incorrect order
of the formation energy of the oxygen vacancy. The screened exchange
(SX) hybrid functional method using CASTEP plane wave pseudopotential
code was used in determining the formation energies of oxygen vacancies at
surface and subsurface sites of anatase (101), anatase (001), and rutile
(110) surfaces. The anatase had the same oxygen vacancy formation energy
in the bulk and on the surface. On the other hand, the rutile oxygen vacancy
formation was found to be thermodynamically more preferred on the surface
than in the bulk. The formation energy of an oxygen vacancy in TiO, poly-
morphs is negative near the valence band minimum, indicating a spontane-
ous formation of an oxygen vacancy at a low Fermi level. In all the three
T10O, models, oxygen vacancies introduced mid-gap states near the conduc-
tion band lower limit (21).
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A comprehensive computational description of oxygen vacancies in ana-
tase (101) was provided by Ha and Alexandrova (78). The set of parameters
considered were the spin polarization, localization of two electrons due to
oxygen vacancies, and long-range interaction values such as van der Waal or
London dispersion forces. The dependence of the formation of oxygen
vacancies in anatase on these set of parameters was studied. Eq. (1) was used
to calculate the oxygen formation energies.

1
Etorm(Vo) = Eoi(def) — Eoi(no def) + Ep(Oz) (1)

where, Eg (V) represents formation energy of an oxygen vacancy, E.
(det) represents total energy of defective anatase, E. . (no def) represents
stoichiometric anatase and the p(O,) is the total energy of an oxygen
molecule.

The anatase (101) surface, the most stable and dominant facet (>94%) of
the anatase, was modeled. The subsurface oxygen vacancies were favored
over the surface oxygen vacancies (using the PBE method) when magnetic
properties of the anatase (101) were neglected. When magnetic properties
(i.e., spin polarization) were considered, the calculations were performed
using the methods DFT +PBE +D, DFT +PBE + U. Where, U is known
as the Hubbard value input to account for the localization of two electrons
due to an oxygen vacancy. The DFT + D is known as the Grimme’s method
accounting for dispersion forces. The Hubbard U corrections and dispersion
forces are usually neglected as more preference is given to the sub-surface or
bulk vacancies. However, when photocatalysis with electrochemical cells are
considered, requiring information on the potential gradient, the corrections
should be taken into account, considering surface oxygen vacancies as well.
Two distinct oxygen vacancies related to their component reduced Ti>* states
on the nonequivalent sites were identified using DFT+PBE+U (78).

Boochun ef al. studied the energetics and electronic structures of the
native defects such as oxygen and titanium vacancies and oxygen and tita-
nium interstitials in anatase using Heyd-Scuseria-Ernzerhof (HSE06) hybrid
functionals (79). Their DFT calculations were performed in a Vienne
ab-initio simulation package (VASP) with the projector-augmented plane
wave method. In this work, the electronic properties of native defects
and their possibilities of formation in various conditions including titanium
rich conditions, oxygen rich conditions, and experimental growth were
examined. The defect formation energies were computed as:

Ef(D?) = Ei(D?) — Ex(TiO2) — mp; + q(ef + Ey) )
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Fig. 16 Defect formation energy as a function of Fermi energy in (A) Ti-rich condition,
(B) experimental growth, and (C) Oxygen-rich. The up-pointing arrow is the Fermi level
determined by charge neutrality condition at 550 °C (79).

where E, (D7) is the total energy of the supercell with defect, D, in the
charge state, ¢q. E;(TiO) 1s the total energy of the cell without defects,
and n; is the number of atoms of Ti or O named i. &is the Fermi energy
and 1is the energy of the electron reservoir with respect to the valence band
minimum (VBM). Fig. 16 displays some key findings about the dominant
defects obtained by evaluating the formation energies as function of
Fermi energy. As can be seen in titanium rich conditions, the Ti*" has
the lowest formation energies across a range of Fermi energies. At very high
Fermi energies (near the conduction band minimum), the formation energy
of oxygen vacancy is lower than the Ti*". On the other hand, Titanium
vacancies (Vr;*7) have formation energies much higher than other defects
across the range of Fermi energies in Ti-rich conditions, whereas in oxygen
rich conditions, the formation energy is lower. Their work concluded
that the oxygen vacancy is the most dominant donor type defect, and there-
fore, a major source of electron carriers under any growth conditions.
Also, titanium interstitials are stable in their quadrable charged state, Ti .
However, for the oxygen vacancy, the stability occurs in its doubly charged
state. These results revealed that the oxygen vacancies and titanium intersti-
tials act as donors and the titanium vacancies act as deep acceptors or donor
compensating defects (79).
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Despite decades of research progress, the modeling of TiO, using DFT
methods have some difficulties: (1) The treatment of intermolecular
interactions, including hydrogen-bonding, van der Waals interactions (dis-
persion) and other competing interactions, is yet to be completed. Such
treatment is critical in understanding the electronic dynamics of TiO,
whether it be on the surface or the subsurface. The newly refined DFT
hybrid functionals, such as DFT-U-vdW (80), has attempted to overcome
some of the above issues by including the Hubbard U term and van der
Waals interactions as additive parameters. The success of this treatment,
however, requires the use of unphysical parameters (i.e., Hubbard U) to find
a match between DFT calculations and experiments. An advanced DFT
hybrid functionals capable of fully describing all possible interactions is
therefore needed to accurately model the dynamics TiO,. (2) The calcula-
tion of band-gap energy remains a challenge. The majority of DFT hybrid
functionals can converge to the bandgap value of ~2.0 eV (81), but this
value is not close to the experimental values of 3.2 eV. Such a large discrep-
ancy between DFT calculations and experiments suggests that the exact
fundamental nature that governs the physical and chemical processes in
TiO, polymorphs must be re-examined in great details.

8.2 DFT of TiO, without dopants

Surface and subsurface calculations were performed by Cheng and Selloni to
determine oxygen vacancy energies of anatase and rutile phases (Fig. 17).
Overall, results showed that oxygen vacancies are more likely to form within
the subsurface than at the surface for anatase (Table 5). An interesting obser-
vation for the anatase (101) phase was that the oxygen vacancy at the site
just below the surface was found to be unstable, and a surface oxygen,
O,., would spontaneously move to fill the vacancy, thus creating a Vo,
vacancy. In addition, a subsurface vacancy at Vo4 had a lower formation
energy than Vo, a feature that held true no matter whether the slab con-
tained 108 or 216 atoms. An analysis of the bond distances and bond angles
indicated that there is more structural relaxation within the subsurface when
an oxygen vacancy is formed compared to the surface, which is much more
rigid. In comparison of the anatase planes, oxygen vacancies for (001) are
larger than (101), and the surface region is thicker for (001) than (101).
Meanwhile, surface bridging and subsurface bridging vacancies are most
likely to form for rutile, which has characteristically lower oxygen vacancy
formations than anatase (§1).
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Table 5 Oxygen vacancy, Vo, formation energies (in eV) for surface and subsurface sites
determined using slab sizes containing 216 (108), 153 (102), and 144 (96) atoms,
respectively, for anatase (101), anatase (001), and rutile (110) (87).

Defect site Anatase (101) Anatase (001) (1x4) Rutile (110)
Voi 4.15 (4.25) 4.57 (4.72) 3.68" (4.01)
Voo (5.40) 5.17 (5.52) 4.50 (4.56)
Vo3 (4.73) 4.29 (5.05) 3.99 (4.23)
Vou 3.69 (4.03) 4.78 (5.08) 5.23 (5.22)
Vos 3.65 4.10 (4.34) 4.73 (4.83)
Vos 5.28 (5.29)
Vor 4.46

Vos 4.67

Voo 4.38

*For each surface, the defects with the lowest formation energies are in bold.

Portillo-Vélez et al. performed a DFT study, including the Density of
States (DOS) using the Hubbard, U, correction, on the influence of oxygen
vacancies for anatase (101) surface (82). The (101) plane was the focus of this
study since it is the most thermodynamically stable plane, even though
(100) and (010), and some (001), planes are also found within synthesized

1
anatase. The oxygen formation energy, E?Oz, was determined using Eq. (3).
10, 1
E> 7 =
f Ny

1
[Edef — Ef. + 5502} 3)

Using the reaction:

T154O48=2T154,O47 + 150, (Reaction 16)

And, the energy of formation for the oxygen molecule was determined using
Reaction (16) and Eq. (4).

20 — Oy

: “4)
EOZ - Emolemle - 2Eatom

The eftort by this team was to establish how the electronic structure of ana-
tase 1s changed by oxygen vacancies and how these vacancies change the
photocatalytic behavior of the material. As can be seen from Fig. 18 (left),
there are three band regions (U=0). The band around —17.5 eV is mainly
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Fig. 18 DOS for anatase (101) (left) with no oxygen vacancies using the PBE approach, (center) with one oxygen vacancy using GGA+U, and
(right) with four oxygen vacancies using GGA+U (82).
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from O 2s orbitals. The valence band (—4.5 eV) derives mainly from O 2p
orbitals, with some via hybridization from Ti d orbitals. The conduction
band (+8 eV) is chiefly from Ti 3d orbital states. This evaluation leads to
a bandgap of 2.59 eV, which is less than the experimentally measured value.
To “nudge” the calculation toward the experimental value, the authors
increased U (U=0, 2, 4, and 6). While U=6 provides a bandgap energy
more consistent with the experimentally determined value, it is not physi-
cally justified since the T1 d orbital states would be positioned in a false man-
ner in the conduction band. Nonetheless, a value of U=6 was used in
evaluating the DOS when oxygen vacancies were included in the material.

By incorporating an oxygen vacancy (Fig. 18 (center)), localized Ti>*
states were found within the energy gap (located 2.08 eV above the valence
band and 0.73 eV below the conduction band). These Ti>" species are coor-
dinated with four oxygen atoms, thus moditying the conduction property of
the anatase (101) material. If a Hubbard value of 0 is used, the Ti>" sites have
delocalized states and are fused to the conduction band minimum. However,
using U=6, the Ti’" states are localized in the bandgap where the electron
spin is polarized. The calculation then provides a physically meaningful solu-
tion. As the number of oxygen vacancies increase (Fig. 18 (right)), there is an
increase in the number of reduced sites, and a shoulder appears at the con-
duction band minimum. These oxygen vacancies shift the Fermi level to the
conduction band. The formation energy for the oxygen vacancies is pres-
ented in Table 6. With U=6, the formation energy is 5.26 eV, which is
in close agreement to the experimental value. The positive value indicates
an endothermic process; whereby, either an oxygen limited environment or
heat treatment is needed to produce oxygen vacancies. These vacancies
increase the density of electrons, which are chiefly on Ti atoms adjacent
to the vacancies (82).

Table 6 Oxygen vacancy formation energies for anatase
(101) using GGA +U calculation method (82).

Formation energy

of vacancies (eV)

Oxygen vacancies U=0 U=2 U=4 U=6
1 6.49 6.65 6.04 5.26

2 6.58 6.60 5.95 5.14
3 6.83 6.68 6.06 5.28
4 6.52 6.63 5.92 5.06
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The Hubbard and van der Waals contributions for anatase (001) surface
were studied by Araujo-Lopez et al. (§0). The authors performed the calcu-
lations using the Quantum ESPRESSO software package where the
generalized-gradient approximation (GGA) and the Perdew, Burke, and
Ernzerhof (PBE) correlations were used. The electronic wave was represen-
ted by a plane wave expansion, and the valence electrons were represented
using the Vanderbilt ultra-soft pseudopotential. A value of U=4.2 ¢V was
used as a suitable compromise between (1) the agreement of experimental
and calculated bandgap energies and (2) the physical nature of the (001)
surface when bond angles and interatomic distances are considered.

As shown in Fig. 19, the oxygen 2p orbitals for the bulk anatase were
chiefly responsible for the greater contribution on the valence band. The
Ti 3d orbitals also contributed, although to a lesser extent. The Ti 3d orbitals
had a greater contribution to the conduction band compared to the O 2p
orbitals.

8.3 DFT for surface modifications to TiO,

To reduce the bandgap energy of TiO,, surface modifications (i.e., doping
with elements or synthesis of composition materials) have been tested with a
wide array of elemental dopants and composite materials. Reducing the
bandgap is believed to enhance the absorption of light, particularly in
the visible spectrum, for increased photocatalytic activity. However, there

B

Energy (eV)

Spin down Spin up

TiO2 bulk in anatase form Density of states (DOS) of anatase bulk
Fig. 19 (A) Unit cell of anatase containing 12 atoms (gray =titania and red = oxygen).
(B) Density of states for relaxed bulk anatase determined using DFT+U=vdW
approach (80).
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are sizable tradeoffs to consider. For instance, the recombination of holes
with electrons as well as structural changes that occur when adding a dopant
during the TiO, synthesis process. Addition of dopants can affect the stabil-
ity of one plane (i.e., (001)) and destabilize another (i.e., (001)). The most
relevant surface modifications toward the understanding of TiO, photo-
catalysis are examined here.

The pyrochlore geometry for bismuth titanate (Bi,T1,0-) was studied
using DFT techniques (83). Pyrochlore geometry ofters manipulation of
the electron/hole mobility when difterent elements are inserted into the
structure. The DFT evaluation was performed using CASTEP (Materials
Studio by Accelrys) with an ultrasoft pseudopotential plane wave (300 eV
kinetic energy cutoft). The partial DOS (Fig. 20) shows a 0.4 eV reduction
in the bandgap for bismuth titanate compared to TiO,. This reduced
bandgap is believed to be a combination from the 6 s bismuth orbital and
the oxygen 2p orbital. There is an interband caused by the Bi 6 s that shifts
the valence band toward the conduction band, leading to activation by vis-
ible light. Substitution experiments were performed using transition metal
(Fe, Cr, Mn, and Ni) and nonmetals (N, S, and C), using the general formula
Bi,T1;_ M, O, (where M =substituted element) to determine effect on cat-
alytic activity. Substitution of the transition metals indicated an increase in
photocatalytic activity. These 3d elements, when substituted at the Ti sites,
permit tuning for visible light activation and interband state locations since
these elements form octahedral crystal structures. The d-orbitals form split
states (t>, and e,). By increasing the number 3d electrons, t,, and e, state shift
to lower energy, making the chemical potential of the d-electrons lower and
closer to the p-orbital. 3d elements also offer an advantage over larger radii
elements (1.e., rare earth elements) that tend to increase the bandgap energy
(i.e., decreasing photocatalytic activity).

A thorough DFT study was conducted by Li, et al. for the adsorption of
Au nanoparticles onto anatase (101) and brookite (210) surfaces (§4). Few
studies have been performed using brookite due to its thermodynamic
instability. With the discovery of better processing methods, however, ther-
modynamically stable brookite can be synthesized, giving way for more fun-
damental studies. Li and coworkers examined the mechanisms and changes
in the two TiO, polymorphs when 1-8 gold atoms were adsorbed. On a
stoichiometric surface (i.e., no oxygen vacancies), a single Au atom adsorbed
to the brookite (210) surface via mainly to the Tis. with weak interactions
with the O, that is nearby. For anatase (101), the binding mechanism is
bridged between the O,. and Tis. atoms. When oxygen vacancies were
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Fig. 20 (top) Crystal structure of simulated bismuth titanate (Bi,Ti,O) (bottom) Total
density of States of (A) TiO, and (B) BTO pyrochlore. BTO displays contribution from

6 s orbital of Bi in valence band (83).
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Table 7 Adsorption energies and bond lengths for gold nanoparticles on anatase and
brookite surfaces (84).

Adsorption Tisc bonfi Tigc bon::l (O bongl
energy (eV) length (A) length (A) length (A)
Anatase (101)
Stoichiometric 0.45 2.795 — 2.221
Reduced 3.22 2.838 2.558 —
Brookite (210)
Stoichiometric 0.62 2.707 — —
Reduced 2.98 2.899 2.558 —

considered (i.e., removal of the O, atom), there is a structural relaxation of
the Tig. and the Tis. atoms on both the anatase (101) and brookite (210) sur-
faces. For both materials, the adsorption of a single Au atom takes place on
the Tis. and Tiy. atoms (i.e., taking the place of the missing oxygen). The
differences mainly being adsorption energies and relative bond lengths
(Table 7). The adsorption energies are considerable higher for the reduced
(i.e., oxygen vacancy) surfaces. In addition, anatase, compared to brookite,
has a higher adsorption energy, which the authors attributed to the structural
relaxation of the brookite.

Gold nanoclusters were studied in more detail on the brookite (210)
surface with oxygen vacancy. The second Au atom attaches to the first
and a neighboring Tis. atom. For a third Au atom, a “standing” triangular
structure emerges. Addition of 4, 5, and 6 Au atoms forms an inclined quad-
rilateral structure, a trapezoidal structure, and a “lying” triangular structure,
respectively. The addition of 7 and 8 gold atoms results in a true 3D con-
figuration (Fig. 21). Overall, gold nanostructures appeared as extended
structures on anatase, while dispersion of the clusters were favored for
brookite.

The reduced brookite (210) surface containing gold nanoclusters (Aug_g)
was also studied for its ability to catalyze the CO oxidation reaction. The
adsorption of molecular oxygen easily adsorbs to Aug cluster (0.64 eV)
and to a slightly lesser extent on Aug and Aus sites (0.4 eV for both).
These findings imply that O, adsorption favors low coordination sites.
CO, on the other hand, favors a protruding Au site, so much so that Au
atoms can move from a flat, 2D-like structure into a 3D structure. These
key findings illustrate the importance of the specific TiO, surface for
catalytic and photocatalytic reactions (84).
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Fig. 21 Calculated structures for Aug_g nanostructures on brookite (210) surface. Top
view (A, C, and E) and side view (B, D, and F) (84).

Mete and coworkers performed DFT calculations for Au and Pt incor-
porated into Rutile (110). At one monolayer coverage, gold dimers form
parallel to the oxygen rows, and the interatomic distances are somewhat
longer than the gold dimer length, indicating strong Au—Au coordination
(Fig. 22). However, substituting Au for Tis. causes substantial distortion
of the surface morphology. This distortion leads to an increased bonding
distance between the Tis. and the oxygen below it from 1.83 to 2.64 A.
Platinum, on the other hand, distorts the surface much less than gold. Pt
leads to a fourfold coordination with basal oxygens, causing a gap state
within the valence band. The Fermi energy is increased by 0.33 eV com-
pared to that of a clean surface. At concentrations less than one monolayer,
Au and Pt atoms are adsorbed within the interstitial lattice sites. Increased
catalytic behavior within the visible spectrum is predicted due to the
narrowing of the bandgap. Differing concentrations of Pt could be used
to tune to a specific wavelength (85).

Adsorption of F onto the anatase (101) surface (always interacting with
the fivefold coordinated T1i (Tisg) surface cations) can be seen in Fig. 23A and
B (86). The electronegativity of the F oxidizes anatase O anions. Formally,
O is oxidized to O~ and F becomes F~. The total DOS for the (101)
surface (Fig. 23C) exhibits a peak within the bandgap that is 1 eV below
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the conduction band, which is largely due to the oxidation of the O anion.
The (001) surface shows unpaired electrons localized in one of the oxygen
atoms of the TiO, (Fig. 23D), a feature also displayed at 100% coverage
(Fig. 23E). There is also a peak within the bandgap as with the (101) case;
however, the total DOS is broader since there are different types of oxygen
atoms on the surface. A surprising conclusion of this work was that the
fluorine-doped (001) surface was more stable than the fluorine-doped
(101) surface, which is opposite of the clean TiO, surfaces.

The doping of rutile with either carbon or nitrogen atoms was investi-
gated where the C/N atoms were either substituted for an oxygen or
occupied interstitial positions (87). When a single C is substituted for an
O, a 2 py/unit cell magnetic moment is formed. The substitution leads
to two holes in the system, and a complete band becomes unoccupied.
Substituting a single N atom creates only one hole, and consequently, a mag-
netic moment half of the C-substituted system. Doping with either C or
N increases atomic distances within the crystal structure. Nitrogen, being
more electronegative, interacts more with the TiO,, in particular its oxygen
neighbors. Substituting two C or N atoms shows a doubling of the magnetic
moment for each system. There is a slight increase in the cell volume but not
nearly as much as that seen with the one atom substitution scenario. The
changes in bandgap energies for the single substitution can be found in
Table 8, and those for two C/N atom substitutions can be found in
Table 9. When placed within the interstitials, neither C nor N yielded
any magnetic moment; however, the electronic structures were similar to
C/N-doped experiments.

N-doping of the rutile does not lead to mid-band energy states, which is
seen as a positive. Mid-band energy states behave as electron—hole traps and

Table 8 DFT calculated bandgap energies for rutile with
singular C/N atom doping (87).
Bandgap (eV) 0} C N

Spin up bandgap 3.24 2.20 3.20

Spin down bandgap 3.24 2.06 2.60

Table 9 DFT calculated bandgap energies for rutile with two C/N atom doping (87).
Bandgap (eV) c(1,2) c(1,3) N (1,2) N (1,3)

Spin up bandgap 1.40 1.90 2.45 3.16
Spin down bandgap 1.40 1.90 2.45 2.33
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recombination centers, reducing the efficiency of the photocatalyst. The
authors point out that the key to maximizing efficiency is to reduce the
bandgap without introducing mid-gap energy states. From these calcula-
tions, doping with N atoms should lead to increased efficiency for a rutile
photocatalyst. C-atom substitution, however, leads to mid-gap energy states
and 1is projected to be a less efficient photocatalyst.

Various configurations of Zr doping on a Rutile (110) surface with and
without oxygen vacancies were studied using DFT (88). Of the configura-
tions studied, Zr-TiO,-2 and Zr-(TiO, + V,)-2 were found to be the most
stable (please see Fig. 24 for configuration identification). The adsorption
of Zr onto the surface had binding energies of —3.36 and —3.26 ¢V for
the Zr-TiO5,-2 and Zr-(TiO,+V,)-2, respectively. Bandgap energies are
presented in Table 10. In addition, adsorption of H, molecule (for one

\" NV VN

N NN
7 \l/ \/ \l/

LINLIN LD
720\ 72\ 7287,
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By Dt
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I/ N\ \i [/ N/ N/ N[

Fig. 24 Zirconium doped structures for rutile (110) surface without oxygen defect
(A) Zr-TiOp—1, (B) Zr-TiO,—2, (C) Zr-TiO,—3, on the oxygen vacancy defect
(D) Zr-(TiO5 +V,)-1, (E) Zr-(TiO5+V,)-2, and (F) Zr-(TiO, +V,)-3 (88).
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Table 10 DFT calculated bandgap energies and adsorption energies for
1 and 2 hydrogen molecular adsorption for rutile (110) with Zr doping
(please refer to Fig. 24 for position location coding) (88).

Surface Bandgap (eV) AE,q4s (TH5) AE,q4s (2H,)
Clean Rutile (110) 2.68

Zr-TiO,-1 1.78

Zr-T10,-2 0.80 —1.43 —1.90
Zr-T105,-3 0.87

Clean (TiO5+V,) 1.35
Zr-(TiO5,+ V,)-1 1.08

Zr-(TiO,+ V)2 1.62 —1.45 —2.55
Zr-(TiO»+V,)-3  1.98

and two molecules adsorbed) was also studied on the most stable structures.
The adsorption of the second H, molecule was found to be much stronger
than the first.

Composite materials offer a compelling compromise between materials
with mid-bandgap energy states, exhibiting short electron—hole separation
times, and charge transferring materials. Zhang ef al. investigated the struc-
ture of a composite material containing anatase, SnS,, and reduced graphene
oxide (RGO) (89). The SnS, forms a hexagonal platelet (Fig. 25 (left)) with
edges that are metallic (electron deficient) and sulfur. The Ti-OH constit-
uents are coupled with the smooth edges of the RGO and are electron
donating. Fig. 25 (right) shows that the two Ti-OH oxygen atoms coordi-
nate with the SnS, metallic edges. The authors describe the enhancement of
the separation of photogenerated electron/hole pairs, a necessity in photo-
catalysis, occurs at the interface between TiO5,/SnS, and RGO, which are
connected by strong hydrogen bonds.

DFT modeling of CuO, nanocluster adsorption on rutile (110) and ana-
tase (101) surfaces show an upshift in the valence band, and thus, a red shift
in the bandgap energy (90). Difterent stoichiometries (CuyOy4, CuyOs,
Cu100qp, and Cu;oOg) were tested, yielding no significant differences in
the bandgap narrowing. There was, however, strong adsorption of the
copper oxide nanoclusters to both surfaces (—7.45 eV for rutile and
—3.27/-2.41 Cuy04/CuipOq for anatase). On reduced TiO, surfaces
(i.e., containing oxygen vacancies), two Cu" cations are formed for each
O vacancy.
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Fig. 25 Proposed structure of SnS,, Ti-OH of TiO,, and RGO (gray =Sn, red =0, silver=Ti, yellow =S5, silver-gray =H, light gray=C) (89).
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The DOS and Partial Density of States (DOS) were evaluated for TiO,
(i.e., no Ti*"), TiO,_ (i.e., induced oxygen vacancies forming Ti>"), and
g-CS@Ti0,_, (i.e., graphitic carbon and Titania composites) (91). Using
the Vienna Ab-Initio Simulation Package (VASP), electron-ion interactions
were determined using the project augmented wave (PAW) method. The
PDOS results showed for TiO, that the primary valence states came from
O 2p orbitals and conduction states derived from T1 3d orbitals. When lattice
oxygens were removed, forming Ti>", a small conduction band minimum
was formed along with a lower bandgap energy (Fig. 26). This small energy
level was formed from Ti 3d orbitals. Introducing a layer of graphite-like
carbon spheres (g-CS) to the TiO,_,, on the other hand, established
mid-gap states between the valence band minimum and the conduction
band minimum, which can further reduce the bandgap. When irradiated with
visible light, excited electrons easily transfer from the VB of TiO,_ to these
mid-gap levels or from a mid-gap level to the CB of the TiO, ..
Electron—hole recombinations are impeded since movement from the CB
to the VB 1s more difficult. Furthermore, new C—O bonds could be formed
from the strong interactions arising from unpaired m-electrons with free
electrons on the TiO,_ surface.

8.4 Interactions (adsorption/reaction) with TiO, and organic
and inorganic molecules

The behavior of a surface’s interactions with reactionary molecules (i.e.,
CO, O,, formaldehyde, etc.) is necessary to understand specific reaction
mechanisms, adsorption/desorption energies, and potential poisoning effects.
For instance, Wang ef al. demonstrated through DFT calculations that there is
a synergistic effect of an oxygen vacancy and Pd doped on anatase (101) sur-
face for the adsorption of formaldehyde. The oxygen atom of the formalde-
hyde occupies the oxygen vacancy, while the carbon atom binds to the Pd
(91,92).

Likewise, CO oxidation on rutile (110)/Co,B5 alloy. CO preferentially
binds to the CO; sites, which also promotes the linear adsorption of O,
molecules. Since adsorption of both CO and O, occurred on the CO, site
via the Langmuir-Hinshelwood mechanism, this catalyst is believed to have
good activity for CO oxidation (93). The specific character of CO; sites was
not very well described by the authors, and no further description is
provided here.

The selective oxidation of benzyl alcohol to form benzaldehyde
was investigated using DFT (Fig. 27). Benzyl alcohol interacted with
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1 2 @ 23TS @ 3
PhCH,0H
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Fig. 27 Interaction of benzyl alcohol with TiO, surface (94).

[Ti]-OH group on the anatase surface, forming an alkoxide species.
Irradiating TiO, with visible light attributed to electronic transition from
the donor levels that were created by the alkoxide species to the conduction
band minimum of the anatase catalyst (94).

The adsorption of formaldehyde, formic acid, and formate were studied
for rutile (110) and SnO, by Tang and coworkers (95). SnO, exhibited
stronger binding energies for the three adsorbates on surfaces without oxy-
gen vacancies, which was reversed on surface with oxygen vacancies.
The rutile was deemed to have higher activity for the reaction of formalde-
hyde oxidation to formic acid than SnO,. The key intermediate being a
V,-bidentate formate species. The potential energy diagram is presented
in Fig. 28.

When considering the adsorption of CO, to the anatase (001) surface,
the three scenarios considered were (1) CO, aligned with x-axis, (2) CO,
aligned with y-axis, and (3) CO, perpendicular to the surface (§0). When
only the DFT + U calculations were performed, only two of the structures
showed to be stable. However, when the van der Waals dispersion forces
were considered, all three structures were shown to be stable, which were
also shown experimentally. The most stable adsorbate/adsorbent system
was that where the CO, was bent. The C atom was bound with the O,
and the oxygen atoms were bound to two Tisc atoms (Fig. 29A). In addition,
the two linear scenarios (Fig. 29A and C) show CO, being physisorbed and
being closer to the surface when the vdW dispersions forces were used in the
calculation. Calculated adsorption energies are shown in Table 11.

The adsorption of a H, molecule onto anatase (101) surface with oxygen
vacancies, [TiO5+ V], and combined with noble metals (Pt, Pd, Au, and
Ag) (Fig. 30) was investigated (96). The model employed was the hybrid
B3LP that included Becke’s three-parameter exchange and Lee-Yang-
Parr correlation. The 3-1p1G model was used for the adsorption of H, to
the anatase surface. The models indicated that all systems behaved with
physisorption of H,, except for the Pt[TiO,+ V] where H, was shown
to dissociate. The calculated binding energies are presented in Table 12.
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Fig. 28 Potential energy diagram for the conversions of formaldehyde and formate on

rutile and SnO, surfaces (95).

7

Bent Linear 1

Fig. 29 CO, adsorption on the anatase (001) surface (80).
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Table 11 Adsorption energies (eV) of CO, on the
anatase (001) surface (80).

DFT+U+vdW DFT+U
Bent —1.528 —1.377
Linear 1 —0.264 -
Linear 2 —0.296 —0.159

H2
HIG H1-H2=0.83

H2¢ i
0.77 1.793:1.75
H1 x

Fig. 30 Optimized structures for H, molecule adsorbed to (A) oxygen vacancy (TiO,+V,),
(B) Pd/(TiO,+V,), () Pt/(TiO,+V,), (D) Ag/(TiO,+V,), and (E) Au/(TiO,+V,) (96).
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Table 12 Adsorption energies (eV) of H, on anatase
(101) with and without and noble metal doping (96).

Eaas (eV)
TiO,+ Vo, —0.62
PHTiO+ Vo 211
Au[TiO,+ Vo) 155
P[TiO,+ Vo ~1.16
Ag[TiO,+ Vo —0.62

The DFT calculations of OH-groups adsorbed on y-Al,Oj3, TiO,, and
MgO. For TiO,, anatase (101), (001), and (100) surfaces were examined
(97). Calculations were performed using the generalized gradient approxi-
mation exchange correlation found within the VASP software. While the
authors chose these materials due to their usage in typical thermochemical
catalytic conversions, their underlying surface interactions with adsorbed
compounds may lead to better understanding of how TiO, (and other mate-
rials) will behave under photocatalytic conditions and is, therefore, included
in this discussion.

Bond energies, Eni_o for the metal oxide crystals were determined using

Eq. (5).
Eao=1 [~U(M0,) + UM.) + U(0),)] 5)

where n is the number of nearest oxygen neighbors and U(M,Oy), U(M,),
and U(Oy) are the energies of the unit cell, unit cell with y oxygen atoms
removed, and unit cell with x metal atoms removed, respectively.

As a comparison of material types, MgO, an ionic oxide, has a much
lower Epj_o than the covalent oxides, anatase and y-Al,Oj (Table 13). In
general, 1onic oxides have high coordination numbers due to electrostatic
effects. Long range electrostatic effects, therefore, will play a major role as
compared to the covalent oxides.

Water was found to adsorb, molecularly, only on flat surfaces that have
the lowest coordinated cations (i.e., TiO, (101), Al,O3 (100), and MgO
(100)), indicating that cation coordination plays a major role in the dissoci-
ation of the water molecule. All other surfaces studied lead to the formation
of hydroxyl groups. These hydroxyl groups formed from dissociation on
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Table 13 Bond energies (kJ/mol) for metal oxides (97).
MgO TiO, (anatase) v-Al,03

Enmo 154 287 229

A rods

C tr-octahedra

Fig. 31 TEM images and their corresponding geometries of various TiO, surfaces (98).

all surfaces, except TiO, (001), in which hydrolysis was the underlying
mechanism. The TiO, (001) surface facilitates strong hydrogen bonding
between the two O;c—H formed, indicating that hydrogen boding plays
an important role in stabilizing hydrated systems. The hydrolysis reaction
extracts surface oxygen (O®7) anions, causing a local destruction of the
Ti10O, (001) surface lattice structure (97).

A Combined in situ IR and DFT study for interactions of both CO, and
SO, on anatase rods {(010), (101), and (001)}, disks {(001) and (101)},
and truncated octahedra {(101), (001), and (010)} were investigated (98).
CO, is proposed to adsorb, mechanistically, according to the surface geom-
etry (Fig. 31). From the DFT study, the linear CO, molecule adsorbs via a
monodentate carbonate by bending the CO, molecule coordinating with a
surface oxygen atom. In the bridged carbonate motif, the CO, is also bent;
however, the molecule is adsorbed via the C atom with a surface oxygen and
with a molecular CO, oxygen and a Ti1ion in a bidentate fashion (Table 14).
The authors also state that the adsorption motifs are based on initial config-
urations that do not qualitatively match their initial structures due to weak
coordination between the CO, and the surface sites. This leads to difficult
comparisons between theory and experiment. The predicted CO, binding
energies for different geometrically adsorbed CO, can be seen in Fig. 32.



60 Karishma Piler et al.

Table 14 Adsorption geometries of CO, (98).

Geometry type Configuration
Carboxylate 0 0
\/
C
|
Bicarbonate O,\ /O
T
O
Monodentate carbonate 00
Y
T
O
Bidentate carbonate 0
1
A
0 O
\/

Bridged carbonate

_O\
>0=0

The TiO, disks primarily consist of the (001) surface, where bridged carbon-
ates are predicts to be more dominant motif over the monodentate carbo-
nates. Bicarbonates, however, are not predicted through DFT calculations
but are seen from in situ IR experiments mostly due to a lack of surface
hydroxylation that is apparent under experimental conditions but not
considered in the theoretical calculations.

8.5 Summary of theoretical investigations

In summary, density functional theory has provided much fundamental
understanding of the surface and subsurface phenomenon associated with
defect chemistries, including oxygen vacancies and perturbations caused
by surface modifications. However, there are limitations to the calculations,
particularly when attempting to reconcile the effects of subsurface oxygen
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001

Linear CO, adduct Monodentate carbonate Bridged carbonate
Etinding = 31.9 kJ/mol Epinding = 36.0 kI/mol Epinding = 36.3 kI/mol

Linear CO, adduct Monodentate carbonate Bridged carbonate
Ebinding = 35.1 kJ/mol Epyinding = 13.1 kJ/mol Epinding = -3-3 kI/mol

Linear CO, adduct Monodentate carbonate Bridged carbonate
Etining = 35.6 kJ/mol Epinding = 13.7 kJ/mol E\inding = -18.8 kJ/mol

Fig. 32 Optimized TiO, disks (001) and truncated octahedron (010) facets with
adsorbed CO, (98).

vacancies and potential gradients a might be the case under photocatalytic
conditions. Understanding the limitations is paramount to effective model-
ing. There are significant differences between surface and subsurface oxygen
vacancies that require specific computational parameters for a proper
evaluation. An oxygen vacancy most likely induces midgap energy states,
resulting in a lower band gap energy. However, without an electron accep-
tor (i.e., Pt, Au, C, etc.), these induced midgap energy states perform as
electron—hole recombination centers. Evaluating the DOS for these midgap
energy states requires Hubbard corrections, hybrid DFT models, or spin-
unrestricted models. Applying van der Waals interaction forces provides a
better understanding for adsorbed molecules such as CO,, formic acid,
formaldehyde, or benzyl alcohol.
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Adsorption energies of adsorbed molecules, such as H,, on transition
metal-doped TiO, was enlightening, particularly in the case of Zr-doped
rutile (110) where a second H, molecule adsorbed more strongly that the
first by 32.9 and 75.9% for Zr-TiO, and Zr-[TiO,+V,], respectively.
This phenomenon was not observed for other metals doped on TiO, but
could hinder reactions where H, is used as a reductant, used either as a
coreactant or evolved from water splitting reactions.

9. TiO, defect synthesis techniques for photocatalytic
purposes

As computational output of TiO, photocatalytic materials has surged
over the last two decades, so has the desire to synthesize TiO, materials capa-
ble of mimicking the results from the computations. The DFT computations
(i.e., oxygen vacancies, Ti> " sites, estimation of bandgap energies, etc.) only
take into the activation of the surface site, particularly for reactions while
subjected to UV and/or visible light. These calculations, however, do not
take into account the other requirements of a catalyst, namely pore size dis-
tributions, surface areas, and robustness. As discussed in Section 8, TiO, can
be altered to create mid-gap energy states; however, electron—hole recom-
bination times reduce catalyst effectiveness. An attempt is made here to rec-
oncile these two worlds—computation and synthesis. Researchers often use
various probe molecules (i.e., methylene blue, Rhodamine B, CO,, etc.) to
test the activity of the synthesized materials. While this work focuses on CO,
conversions on TiO,, the activity of other probe molecules will also be
presented for the sake of clarity and catalyst comparison purposes.

9.1 Synthesis methods for black TiO,

Black TiO, is a hydrogenated form of TiO, that has shown to have
improved photocatalytic properties. The methods tested include high
pressure processes, thermal H, annealing processes, H, or metal reduction
processes, and facile surfactant processes. These processes generally produce
mesoporous anatase or anatase/rutile mixtures, whose properties greatly
depend on the specific conditions employed for each method (99-101).
For the facile surfactant process, preparation parameters and characterization
information are presented in Table 15. None, however, presented bandgap
energy values, complicating the comparison between DFT computations
and synthesis. Instead, Electron Spin Resonance (ESR) was used by some
to determine a material’s ability to form electron—hole trapping sites.
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Fig. 33 Precursor materials used in facile synthesis of TiO,.

From the ESR, a G-factor is determined. G-factors >2 indicate the forma-
tion of hole trapping sites (i.e., oxygen vacancies) (Fig. 33).

Reactions using these materials were typically performed with organic
molecules. Under visible light photocatalytic conditions, the CTAB/
TiO, catalyst prepared by Zhong et al. showed significantly higher methyl
orange decomposition rate constants compared to TiO2, 0.6685 vs
0.2021 h™ ', respectively (99). They proposed that photo-generated holes
can oxidize the methyl orange or react with surface absorbed water to form
hydroxyl radicals. The rate of hydroxyl radical formation, as shown by
Oseghe et al. was directly proportional to the surfactant concentration. As
the concentration of surfactant increased during preparation, there is an
increase in hydroxyl radical formation. However, photocatalytic degrada-
tion rates of methyl blue (Table 16) showed no correlation between
OH radical formation and material activities. The authors attributed this
phenomenon to the high surface area and electron—hole trapping sites of
the catalyst rather than the OH radical formation (100).

In another study on the facile production of TiO,, Han and coworkers
combined tetrabutyl titanate in ethanol with acetic acid in DI water (102).
The hydrolysis and polymerization took place in an ice bath (stirring for 2 h
and aging for 24 h) before undergoing vacuum calcination at 400 °C for 4 h
(labeled B-T10,). To compare, white TiO, was synthesized with the same
method except calcination took place in air (labeled W-Ti0O,). The EPR
spectrum for W-Ti1O, showed no signal. The B-TiO, had a strong signal
at g=2.002, indicating oxygen vacancies. The strong intensity implied a
high concentration of oxygen vacancies. The XPS results confirmed the
existence of oxygen vacancies. Photocatalytic experiments were carried
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Table 16 Pseudo first order kinetics for methyl blue decomposition
(32 W daylight lamp) (700).

Sample Rate constant (10~3) R?

Commercial TiO, 3.49 0.9735
T,S," 388 0.9460
T,S, 234 0.9937
TS, 3.66 0.9559
TS5 4.18 0.9259

*Subscripts indicate mass ratios of the titanate precursor (titanium (IV) isopropo-
xide) and surfactant (Pluronic F-127).

Table 17 Synthesis parameters and characterization results of plasma generated Black
TiO, (103).

Electrolyte Synthesis Bandgap
Electrolyte concentration (mM) rate (mg/h) Ti**/Titt energy (eV)
KCl 0.3 13.2 0.170 3.08

3.0 21.6 0.196 2.92
HNO; 0.3 32.2 0.311 2.50

3.0 46.9 0.411 2.44

out in visible light using phenol as the test molecule. The pseudo-first order
rate constants were 0.1316, 0.0176, and 0.0252 h™! for B-TiO,, W-TiO,,
and Degussa P25, respectively. The fivefold increase in the rate constant
for B-TiO, when compared to W-T1O, was attributed to the formation
of continuous states and increased concentrations of photo-generated elec-
tron—hole pairs of the B-T10,. These electron—hole pairs can be eftectively
separated by interface transfer due to the dense, compact nature of the
nanoparticles (102).

A solution plasma technique was used for producing black TiO, with
lower bandgap energies than typical anatase TiO,. Titanium rods were
immersed in electrolytic solutions (either KCl or HNO3) and then subjected
to pulsed (2.0 ps) 20 kHz voltage with discharge times 1—4 h. Samples were
then dried (100 °C) overnight (Table 17). During the preparation, micro-
gas bubbles formed around the electrode tips, whereby electrons flowed
inside the gas bubbles. Consequently, plasma was formed within the gas/
liquid interface. Interestingly, the electrolyte HNO; produced black
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T10, 2.17 to 2.44 times faster than the KCl electrolyte, possibly due to the
highly acidic nature and conductivity of the HNOj3;. Two mechanisms were
proposed by the authors toward the formation of Ti>" ions. The first is from
the rapid quenching of the molten Ti clusters as they disengage from the
electrode tip. The second from the reaction between the lattice oxygen
and highly energetic atoms (i.e., H, O, and OH radicals) or electrons inside
the plasma zone. Either would lead to the formation of oxygen vacancies,
leaving two electrons that delocalize to neighboring titanium atom.
Photocatalytic reactions were performed using glycerol as a test molecule.
Reactions took place in the UV spectrum. Glycerol conversion across the
synthesized catalysts followed the pattern of maximum conversion with
lowest bandgap material; least conversion with highest bandgap (103).

Xin et al. examined calcination temperatures (300-700 °C) for tailoring
the location of oxygen vacancies (104). Their intent was to create more sub-
surface Ti>" sites rather than surface sites that readily undergo oxidation via
reacting species. The preparation method consisted of titanium hydride
powder dissolved in water before adding 30 wt% H,O, and vigorously stir-
ring for 12 h. After which, ethanol was added, and a pH 9 was accomplished
using NaOH. Sodium borohydride was added as an antioxidant. The system
was autoclaved at 180 °C for 24 h. Ethanol and DI water were used to remove
impurities (Na*, C1~, BO327). The powders were dried in a vacuum oven for
12 h before undergoing calcination (300-700 °C) at 4 °C/min.

Characterization information of the self~-doped TiO, can be seen in
Table 18. The high temperature annealing increases the crystallite size
but at the expense of surface area. Likewise, there is a definite red-shift in
the 300, 400, and 500 °C samples but a slight blue-shift in the 600 and
700 °C samples. XPS was used to probe for Ti’" sites on the surface since
XPS is applicable for up 5 nm below the surface.

Table 18 Physico-chemical properties of self-doped TiO, (104).

Calcination Anatase crystal size BET surface Bandgap energy
Sample ID  temperature (°C) (101) (nm) area (m?/g) (eV)
TiO,_ - 8.9 272.87 3.12
Ti0,_,—~300 300 9.1 245.96 3.03
T10,_,—400 400 9.2 235.06 2.85
T10,_,—500 500 9.5 170.48 2.63
T10,_—600 600 9.7 147.80 2.67

T10,_~700 700 14.2 78.98 2.75
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XPS (Fig. 34B) was used to probe for Ti’ " sites on the surface since XPS
1s applicable for up 5 nm below the surface. Due to an absence of peaks at
456.8 and 462.5 eV, the XPS shows no Ti’" sites on the surfaces of the pre-
pared samples. The EPR spectra (Fig. 34C), on the other hand, shows an
abundance of Ti’" sites with the maximum occurring at the 500 °C
annealing temperature. The authors state that the intense axially symmetric
signal at g=1.99 indicate free electrons occupying interior T1 positions (i.e.,
Ti>" defects). A schematic of the synthesis preparation and mechanism can
be seen in Fig. 35. Performance testing was conducted using methylene
blue in the visible light spectrum. Photocatalytic activity followed anneal-
ing temperature in the order of 500 >600>700>400>300 °C>no
annealing >P25. These results seem to suggest that Ti’" defect sites can
be “engineered,” and the catalyst can be pushed toward visible light activity
(104).

A triblock copolymer, Pluronic P123, was used as a template to synthe-
size an ordered mesoporous black TiO,, yielding a bandgap energy of
2.82 eV. Photocatalytic experiments showed 1.36 pmol/g.,. h H, produc-
tion, compared to 0.77 pmol/g.,. h of the white TiO, (AM 1.5 light source
with 100 mW/cm? power density) (105).

9.2 Controlling Ti** sites

Saputera et al. and Hamdy et al. developed synthesis methods for
Ti’>*-containing TiO, and size-tunable TiO, nanoparticles, respectively
(106,107). Commercial TiO, can be hydrogenated (flowing H, during
calcination process at temperatures ranging from 400 to 700 °C) to form
Ti>"-containing TiO,. The color change for Wombikat and rutile samples
changed from white, pale yellow, yellowish gray, and then to gray according
to calcination temperatures, 400, 500, 600, and 700 °C, respectively. P25,
on the other hand, changed to pale yellow at 400 °C and then to oft-white
for higher temperatures. Note, then, that these do fall within the black TiO,
classification. X-ray diftractions and Raman spectra can be seen in Fig. 36.
There are significant phase transitions and the higher temperatures, partic-
ularly above 600 °C. Photocatalytic degradation of methyl orange was best
using the hydrogenated P25 that was calcinated at 500 °C (k ~ 9400 min ™).
Decomposition rate constants for the hydrogenated Hombikat UV-100
(calcined at 600 °C) and the hydrogenated P25 (calcined at 550 °C) were
~3800 min ', respectively. EPR spectra revealed that all three phases of
TiO,, when hydrogenated, could be made to form oxygen vacancies.
The starting TiO, phase was not a major factor (105).
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9.3 Synthesis of doped TiO, photocatalysts

To enhance the efficiency of TiO, photocatalysts, N and S were codoped
onto anatase using thiourea prior to 400 °C calcination in air for 1 h. XPS
spectra (Fig. 37) revealed two N 1 s peaks with binding energies of 399.2 and

N 1s S 2p

99.2 eV

400.7

62.8 eV

Intensity (AU)

408 404 400 396 392 176 172 168 164 160
Binding Energy (BE)

%101

C1s

284 eV

28
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288.

- e
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Fig. 37 High resolution XPS illustrating N 1s and S 2p peaks for TiO, codoped with

N and S using thiourea (708).



Lattice disorders of TiO, and their significance 71

400.7 eV that were believed to be due to N-doping, forming Ti—O—N spe-
cies. In addition, S 2p peaks were found for high oxidation states, perhaps
SO;~ with a binding energy >168 eV. Oxygen vacancies were investigated
using ESR, finding none for undoped TiO,. ESR of singlet oxygen was
made possible using 2,2,6,6,-tetramethylpiperidine-1-oxyl (TEMPOL) as
a paramagnetic product. In a previous study, the authors found that hydroxyl
radicals could not be formed using illuminated N/S codoped TiO,, perhaps
because photoinduced holes at the midgap levels are insufficient to reach the
redox potential needed to form the radicals. The authors concluded that
electrons from midgap energy levels could be excited by visible light absorp-
tion. Molecular oxygen could be adsorbed onto oxygen vacancies and
then reacted with the excited electrons, producing superoxide radicals.
The radicals could then be oxidized by the holes trapped on the midgap
N, S states (108,109).

Wang et al. investigated a supercritical preparation technique using
Ti(n-OC4Ho)4 and TiF, (50:50 M ratio) dissolved in nitric acid/ethanol
solution (110). The catalyst samples were subjected to supercritical condi-
tions (240 <T<280 °C) for 2h before drying for 6 h at 80 °C. For
comparison purposes, a reference T1O, was synthesized using tetrabutyl tita-
nate in an aqueous HF solution. As shown in Table 19, surface area, pore
volume, and pore diameter are considerably smaller than the same charac-
teristics achieved via surfactant preparation methods. X-Ray diftraction
showed that anatase was chiefly formed with typical 2-theta peaks appearing
at 25.8°, 37.7°, 47.8°, and 55.0°, which are representative of (101), (004),

Table 19 Structural characteristics of TiO, photocatalysts synthesized under
supercritical conditions (770).

Synthesis BET surface area Pore volume
Sample ID temperature (°C)  (m?%/g) (cm3/q) Pore size (nm)
TiO,—Ref - 96 0.39 16
TiO,—-240 240 40 0.09 2.1
TiO,-250 250 48 0.11 2.1
TiO,-260 260 51 0.17 2.3
TiO0,-270 270 51 0.17 2.2

TiO,-280 280 50 0.16 2.0
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(200), and (211) facets, respectively. The degree of crystallization increased
with increased synthesis temperature, and (001) facets formed as the TiO,
transformed from octahedra to decahedra. The EPR spectra had strong sig-
nals at 1.95 and 2.00, confirming the presence of Ti*". The Raman spectra
(Fig. 38) showed a 6.5 cm™ ' shift from the principle peak position (TiO,—
260 vs TiO,—ref), which further confirmed the presence of oxygen vacan-
cies. These oxygen vacancies were attributed to the absorbance of visible
light shown by the UV—vis diftuse reflectance spectra.

Reaction experiments (Fig. 39) were carried out synchronously using
Pt-TiO, as an H, evolution catalyst along with the supercritically-produced
TiO, catalysts for degradation of methylene blue. The reference TiO, and
the P25 had low perform, presumably due to their relatively large bandgaps.
The T1iO,—260 catalyst gave the best performance most likely due to a trans-
formation from nanorods to nanosheets between 240 and 260 °C, which left
exposed (001) facets. The (001) facets had increased surface energies and
favored visible light excitation. The (001) facets could also retard electro-
n—hole recombinations, thus increasing quantum efficiency. The authors
hypothesized that the lower reactivity of the 270 and 280 °C produced
catalysts was due to agglomeration and stacking of TiO, nanosheets (110).
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Fig. 39 Reaction results of TiO, photocatalysts synthesized under supercritical condi-
tions (reaction conditions: Aqueous methylene blue, 30 °C, 3 h, 300 W Xenon lamp, 4
420 nm) (110).

A thorough investigation into the photocatalytic performance and
mechanism for Ni(OH),/TiO, and Ni(OH),/NixO/TiO, catalysts was
performed by Neppolian’s (111,112). To prepared anatase dispersed in
water, nickel nitrate hexahydrate was added with either a N, or O, purge,
adjustment of pH with NaOH, and either in darkness or with UV—vis light
(Table 20). Photocatalytic activity, H, production from H,O using glycerol
as a hole scavenger, was tested in direct solar light using a mixture of
glycerol and water (9:95v/v). The UV-vis diftuse reflectance spectra
(Fig. 40a) of the materials showed an absorption edge at ~390 nm; however,
the ~-ONT samples showed a second absorption peak at 675 nm. The
Kubelka—Munk plot (Fig. 40b) yielded bandgap energies of 3.18, 3.10,
and 3.06 for TiO,, a-O,ONT, and d-O,ONT catalysts, respectively. This
lowering of the bandgap was attributed to the eftect of the Ni(OH), and
O, interactions. In addition, all of the —-ONT samples had bandgap energy
excitations into the visible spectrum.

Valence band XPS was performed to elucidate the role of O, in the per-
formance of the photocatalyst. As shown in Table 20, the valance band edge
(VBE) shifts downward compared to pure TiO,. This is a remarkable feature
but explains why the bandgap energy is still fairly large, but the catalysts
are excited in the visible region. The authors concluded that defect states
are formed in between the conduction and valence bands, causing the VBE
to shift to lower energies. Furthermore, the addition of photo-reduced
graphene (rGO) provided extended catalyst lifetimes under a 4-cycle test (111).



74 Karishma Piler et al.

Table 20 Ni(OH),/TiO, formulation characterization and reaction results (777).
Bandgap Valence band XPS O1s peak H, production
Sample ID G factor energy (eV) energy (eV) area ratio® (mmol/gca/h)

TiO," 2.004 3.18 2.71 - 115
40,T¢ 2.004 - - - 367
a-O,ONT" 2.4 3.06 1.96 0.49 6624
b-N,ONT® 224  3.08 1.99 0.37 4468
c-O,ONT' — 3.09 2.27 0.30 4830
d-O,ONT® 2.04  3.12 2.44 2.02 8289
O,ONTG" — - - - 11,500'

*Ratio: (Ti-OH)/(Ti-O-Ti).

*Ti0, = No purging.

“40,T O, = O, purging before and after NaOH addition.

43-O,ONT = O, purging after NaOH addition.

‘b-N,ONT => N, purging before NaOH addition.

fc-O,ONT = O, purging before NaOH addition.

£d-O,ONT => O, purging before and after NaOH addition, 250 W Xenon lamp (40 min).
?OzNTG => addition of graphene, N, purging (30 min), 250 W Xenon lamp (4 h).
'Adapted from graph.

Using a sol—gel preparation method, Sugha et al. synthesized a TiO,
containing both nickel hydroxide and copper oxide within the lattice struc-
ture (112). Initial studies showed that 0.5 wt% Cu, O/ Ti0O, was an optimized
photocatalyst. To that, Ni(OH), (0-2.0 wt%) was tested for its photocatalytic
performance of water splitting. The optimum catalyst (1 wt% Cu,O/TiO,)
yielded a hydrogen production rate of 15,789 pmol/g ,./h. The XPS spectra
(Fig. 41) shows spin-orbital split peaks at 458.5 and 464.1 eV (T12p5,, and T1
2p1,», respectively), which corresponds to Ti>" sites. These results suggest
that nickel hydroxide is attached to the surface via hydrogen bonding, pos-
sibly from the OH groups binding with surface lattice oxygens. The effect of
copper, on the other hand, was shown by the doublet peaks at 934.4 and
954.6 eV (Cu 2p3,2 and Cu 2py », respectively). The CuO was seen as sat-
ellite peaks at 940.6 and 943.1 eV (Cu 2p3,, and Cu 2p, », respectively). The
nickel and copper were found to exist as Ni'© and Cu", according to the XPS
results.

The mechanism for water splitting (Fig. 42) shows two possible pathways
for charge transfer at the Ni(OH),/TiO, and Cu,O/TiO, interface.
Electron excitation from irradiation of solar light takes place on TiO,,
Cu, O, and CuO surfaces. TiO, had the fastest electron—hole recombination
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Fig. 41 XPS spectrum of 1.0 wt% Ni(OH), supported on 1 wt% Cu,O/TiO, (112).

and poor light absorption, yielding only 4.116 pmol/g.,/h hydrogen pro-
duction. Subsequently, Ni(OH), had a layered morphology that was para-
mount in Hy production due to weak bond interactions of the OH groups
that intercalated with water’s hydrogen bonding. The photogenerated
holes in the valence band were believed to be scavenged by Ni(OH),, which
1s known to oxidize to NIOOH. When reduced back to Ni(OH),, NiIOOH
provides holes for H,O in the interlayer space. The H,O increases the
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surface charge transfer reactions. The desorbed water dissociates, thus
increasing the rate of surface reactions from the generated H'. The role
of the glycerol is to scavenge TiO, valence band holes, producing H" ions
for increased H, production. Addition of copper doubles the charge transfer
mechanism via a z-scheme. The synergistic effect observed by codoping
Ni(OH), and Cu,O onto TiO, was due to suppression of electron—hole
recombinations at the Cu,O/T10, heterojunctions and by trapping holes
for the Ni(OH), redox reactions (112).
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While much attention 1s given toward crystalline TiO, structures,
amorphous structures can also be used as photocatalysts. Hitam et al. used
an electrolysis technique to synthesize CuO/TiO, with good results for
desulfurization of dibenzothiophene via a sol-gel method, titanium (IV)
isopropoxide was used to prepare the amorphous TiO, (113) The electro-
lytic cell, used to prepare CuO nanoparticles, was comprised of a platinum
plate cathode and a copper plate anode operating at 120 mA and 273 K. The
TiO, was impregnated with CuO (5-20 wt%).

The proposed structure (Fig. 42) was determined using vibrational and
XP spectroscopies. The FTIR spectra (not shown) indicated C—H and
C—N stretching modes of the CuO/Ti0O, catalysts as well as the formation
of Ti-O-N. The consumption of tetraethylammonium perchlorate during
electrolysis was deduced from the decrease in the IR bands with the increase
in Cu loading concentration. Comparing the AT and 10CAT materials,
the XPS spectra was more revealing of the catalyst structure (Fig. 43).
Approximately half of the Ti*" were reduced to Ti’" states (i.e., formation
of oxygen vacancies), noticed by comparing the peak intensities of Ti 2pq,»
and Ti 2p;,, (470-455 eV). In addition, Ti-O-H and Ti-O-H formations
are seen in the O 1 s spectrum (531.8 and 529.9 eV, respectively) in the
AT catalyst. These peaks also decrease with the incorporation of Cu, with
two new peaks developing at 532.1 and 530.5 eV which were attributed to

9 0 9 0

AT
Electrolysis
5 lj Interstitial Substitutional\

CAT
Fig. 43 Proposed structure of the CuO/TiO, catalyst with interstitial N formation (773).
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Ti-O-N and Ti-O-Cu, respectively. The authors suggested that Cu”" ions
were reduced to Cu® at the cathode and then oxidized to CuO during
the drying step (seen by Cu 2ps,5 and Cu 2py,» (935.1 and 955.1 eV,
respectively). The Ti-O-N and Ti-O-Cu were mostly likely formed
from ion exchanges between Ti*" and N and Ti*" and Cu®", respectively.
Interstitial nitrogen atoms were seen in the N 1s spectra and were located in
the band gap between the VB and the CB (Fig. 44).

The photodecomposition of dibenzothiophene (DBT), diluted in
isoocatane (0.6—1.0 g/L), was used to test the activity of the catalysts
(Table 21). The activity increased with Cu loading from 5 to 10 wt% but
decreased at higher Cu loadings. Effects due to the Cu, N, and V, were
attributed to capturing photo-generated electrons from the CB and
decreased the rate of electron—hole recombinations. The higher Cu loadings
(i.e., 15 and 20 wt%) were thought to block light, inhibiting the catalyst
performance. The 10 wt% Cu loading performed the best in the UV exper-
iments but was only ~5 x 107> mM/min slower than the 15 wt% catalyst in
the visible range experiments. This phenomenon also followed the lower
bandgap energy for the 15 wt% vs 10 wt% Cu loading (2.76 vs 2.48 eV,
respectively) (113).

Liu et al. investigated the role of copper addition and heat treatment
(air, helium, and hydrogen) on the visible light reaction of CO, on TiO,
(Table 22). Copper (0.05 M CuCl, aqueous) was added to P25 (0.25 M
NaOH aqueous) via precipitation and then calcining in air at 400 °C for
2 h. Atomic ratios Cu:T1 were 1% and 5%. Pretreatment was accomplished
in situ by flowing He or H, through reactor at 220 °C for 1.5 h. The intent
of pretreatment was to increase the number of oxygen vacancies and to
reduce Cu®" to Cu™ and Cu® (114).

UV-vis diffuse reflectance showed an absorption educe of 420 cm ™' for
the 1% Cu/Ti(UP) and then a red-shift for the 1% Cu/Ti(He) and 1% Cu/
Ti(H,) catalysts, owing to a narrowed bandgap energy for the He and H,
treated samples. DRIFTS showed a disappearance of the OH stretching
bands (3693 and 3635 cm™ ') of the treated (both He and H») vs untreated.
In addition, a new shoulder emerged at 3717 cm™ ' and was attributed to
Ti>*~OH. These results indicated that unpretreated Cu/TiO, had few, if
any, defects and would most likely not be a good choice for CO, reduction.
XPS results were similar as those reported for Cu on amorphous TiO,.
Since XPS cannot adequately distinguish between Cu’ and Cu®, CO
adsorption was measured via in situ DRIFTS. Cu®-CO, Cu'-CoO, Ti**
_OH-CO, and Ti*"-CO were identified at 2097, 2112, 2160, and
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Table 21 CuO/TiO, photocatalyst characteristics (773).

Initial rate Initial rate of
BET Pore of UV light visible light
surface area volume Bandgap photooxidation photooxidation
Catalyst (m?/g) (cm3/g) energy (eV) (107> mM/min)® (103 mM/min)
AT 402 0.451  3.16 0.7 0.5
5 CAT® 124 0.137  2.95 2.0 2.4
10 CAT 104 0.134  2.76 4.6 3.9
15 CAT 93 0.113 2.48 1.9 4.4
20 CAT 141 0.186  2.43 - 1.9

CuO 2 0.008  1.55 - -

"Photooxidation rates (both UV and Visible light) approximated from graphs.
PAT: Amorphous TiO».
“CAT: Copper Amorphous TiO, (preceding number indicates wt% CuO).

Table 22 1% Cu/TiO, photocatalyst characteristics (774).

Surface

BET Pore Bandgap atomic co CH,

surface area volume energy ratio production production,
Catalyst (m?/g) (cm3/g) (eV) (Cu/Ti)® (pMol/geae)® (pMol/gcar)®
1% Cu/ 51.1 0.246  3.04 0.035 2.7 0.2
Ti(UP)"
1% Cu/ 52.4 0.315 2.85 0.025 11 0.5
Ti(He)
1% Cu/ 53.7 0.321  2.89 0.023 25 4.4
Ti(H)

"Measured by XPS.

Production determined by integrating the production rate (mol/g.,./h) over the 6.5 h time of exper-
iment for the 1% Cu catalysts.

“UP = Unpretreated, He = thermal pretreatment at 220 °C for 1.5 h under flowing helium, H, = thermal
pretreatment at 220 °C for 1.5 h under flowing hydrogen.

2182 cm™ !, respectively. The signature at 2097 cm™ ' appeared as a shoulder
and was only seen for the H, treated Cu/TiO, (114)

Raguram and Rajini point out that TiO, can behave both as a semicon-
ductor and as a magnetic material by what they termed as diluted magnetic
semiconductors (DMS) (115). This dual role can be governed through elec-
tric charge and electron spin properties. Using a sol—gel synthesis technique,
titanium tetraisopropoxide was added to DI water and isopropanol for 1 h.
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Nitric acid was added (pH not provided) and stirred vigorously for 45 min
before drying at 80 °C for 5 h. The material was annealed at 300 °C for 3 h
to produce anatase TiO, (according to the XRD). To produce Ni or
Cu-doped TiO,, nickel nitrate hexahydrate or copper nitrate hexahydrate
was diluted in water (0.3 M) and then added to the Ti1O,.

X-ray Diffraction (Fig. 45 (left)) shows a CuO (002) and CuO (112) for-
mation at ~36° and 38°, respectively, for the Cu/TiO,. The two planes
(110) and (103) for the Ni/TiO, were attributed to anatase. The addition
of N1 or Cu did not alter the tetragonal phase of the anatase but slightly shift
the (101) plane to a lower angle due to ionic radii of the dopants (0.69 A for
Ni** A and 0.73 for Cu™"). The Kubelka—Monk plot (Fig. 45 (right)) shows a
remarkable decrease in bandgap energy for the doped materials. The bandgap
values were 3.25, 2.48, and 1.25 for TiO, (undoped), Ni/TiO,, and Cu/
Ti0O,, respectively. This decrease in bandgap energies was attributed to the
formation of sub-band states of Ni** and Cu”" and oxygen vacancies. The
photoluminescence emission spectra (Fig. 46) shows a charge transfer from
Ti’" to oxygen anion (468—471 nm), yielding [TiO]* ", indicating the orig-
ination of the bands from the intrinsic state, not from the surface sites (115).

9.4 Microwave, ionic liquid, and combined microwave/ionic
liquid methodologies
Beyond the more typical synthesis routes for TiO, includes microwave
assisted, use of ionic liquids (ILs), and combined microwave/ionic liquid
methodologies. The need is for low bandgap materials (i.e., rutile) but with
high surface area (i.e., anatase). To improve the surface area of rutile, Huang
and Chien tested microwave irradiation on rutile powders that had been dis-
persed in 10 M NaOH (116). The resulting material was rutile nanorods
(listed at Tnt in Table 23) whose inner diameters ranged 3—5 nm and outer
diameters ranged 8—10 nm and had a 100-fold increase in surface area com-
pared to the rutile powder. While a bandgap energy was not provided, the
UV—Vis spectra indicated a slight “blue shift.” Upon calcining at 300 °C in
the presence of H,, the material exhibited a light gray-blue color, which the
authors attributed to the formation of oxygen vacancies. These oxygen
vacancies were hypothesized to create sub-bands with energy states located
below the conduction band (Fig. 47). The three types of oxygen vacancy
energy states appear to be O™, [O,”Ti’"], and [0, 2Ti’"].
Conversions of NO under visible light was in the order Rutile/
Tnt > P25 > rutile, 95.0, 53.6, and 45.5, respectively. The same order was
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Table 23 Preparation, characterization, and testing of TiO, prepared with microwave,
ionic liquid, and combined microwave/ionic liquids (176—118).

Reaction
Pore Bandgap rate
BET surface volume energy  constant
Methodology  Catalyst area (m%/g) (cm3/g) (eV) (h™"
Microwave  Rautile ~2 - - 0.108"
assisted pos5 B - B 0.244
Rutile/Tnt 214 0.86 — 0.591
Ionic liquid Anatase/NaCl 154 0.37 - 1.788¢
template” Anatase/CaCl, 199 060  — 1.326
Anatase/NH,Cl 183 0.79 — 2.748
Anatase/ 170 0.82 — 2.28
NH,NO,
Microwave/IL  Anatase/[Bmim| 98 0.26 3.12
combined® [BE,4]
Anatase/ 129 0.33 3.20
[Bmim][ClI]
Anatase/[Bmim] 94 0.23 3.05
[BE,4]'

*Titania nanorods prepared from rutile powder under microwave irradiation at 200 °C.

"Visible light photodegradation of NO light at 30 °C.

“TiO, prepared using sol-gel process containing titanium tetra-isopropoxide and 1-butyl-3-methyli-
midazolium chloride ([Cymim][Cl]).

4UV light photodegradation of bisphenol A.

“TiO, prepared using sol-gel process containing titanium (IV) tetrabutoxide under microwave irradia-
tion at 150 °C and calcined at 200 °C.

fCalcined at 200 °C under vacuun.

Tisg
1.18 eV

0.75eV

QN | s s o
\ 4 [0y, States]

A >420 nm
as-prepared H,-treated
nanotube nanotube
\ 4 \ 4
VB Ozp

Fig. 47 Energy diagram for rutile nanotube heat treated (300 °C) under H, atmosphere
(116).
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tollowed under natural solar light with conversions of 100, 96.1, and 63.3,
respectively. The reaction rates also followed this same pattern and are pres-
ented in Table 23. It was theorized that mid-gap energy states, located below
the conduction band, are formed when the material is heat treated with H,
resulting in the narrowing of the bandgap. In this scenario, visible light
energy excites an electron from the oxygen vacancy (Fig. 47) (116).
Under cyclic conditions, there was a still >90% conversion of NO and
>50% N, selectivity after 3 reaction cycles. The Tnt photocatalysts were
also effective for converting methylene blue. The authors proposed that
the high surface areas (214 m>/g) and tubular structure promoted diffusion
of methylene blue reactants.

In another attempt to tailor pore sizes of ion liquid-templated TiO,
catalysts, inorganic salts were studied as auxiliary agents since their inter-
actions with benzyl alcohol, a hydrophobic solvent, could aid in the
self-assembly of 1-n-butyl-3-methylimidazolium chloride ([Cymim][Cl]),
a hydrophilic ionic liquid (IL), to form micellular aggregates (117). The
UV photodegradation of bisphenol A was carried out on a TiO, anatase pro-
duced using an IL but in the presence of differing salts (i.e., NaCl, CaCl,,
NH,CI, and NH4NO3). Physically, the salt templating increased the pore
diameter of the catalyst compared unmodified TiO,. The order being
T10, < NaCl < CaCl, < NH4ClI<NH4NOj3; with pore diameters of 4.2,
8.7, 12.4, 13.7, and 16.8 nm, respectively. A micelle-like mechanism was
used to describe the interactions between the salts, ILs, and titanium precur-
sor (Fig. 48) where larger ionic radii produced larger pore sizes. The ionic
radii were 95, 99, 148, 181, and 264 pm for Na*, Ca®", NH*", CI~, and
NO;™, respectively. Noncovalent interactions, such as with n-n stacking,
between the butyl alcohol chains and the ([C,mim][Cl] assisted in the
self-assembly process. Addition of phosphoric acid increased the ionic
strength of the solution and promoted the separation of the IL from the butyl
alcohol, creating more well-defined, denser aggregates. The growth of col-
loids is then hindered due to a chelation effect of the phosphate ions to the
Ti*" centers. Therefore, a high-quality templating effect is realized, and pore
sizes can be manipulated.

Activity tests revealed that pore size tailoring effected the reaction
rate. Although the bandgap energies of each catalyst were not provided,
the range of measured bandgaps was 3.12-3.30 eV, measured using
DRIFTS. Since these are fairly large bandgap energies, the authors
suggest that mid-gap energy states may be present. The pseudo-first order
rate constants for the salt-assisted photocatalysts were on the order of
NH,Cl > NH,NO; > NaCl > CaCl, > TiO, with rate constants (in min~ ')
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458 x 1072, 3.8 x 1072, 2.8 x 1072, 8.30 x 10>, respectively. Further
analysis revealed poor crystallinity and salt contaminations (i.e., Caz(POy)>
and NaPQO;) of the catalysts but all had higher reaction activities than the
synthesized TiO, with pore size tailoring (117).

When microwave irradiation was combined with ILs (in this case
[Bmim][BF,] and [Bmim][Cl]), hollow structured TiO, nanocrystals were
tormed (118). The intent was to take advantage of the formation of localized
“hot spots” (or superheating) that occur from microwave irradiation. This
superheating within the aqueous solution leads to nucleation and crystal
growth throughout the bulk solution. Under microwave irradiation, the
boiling temperature of the IL is rapidly achieved, and the F ion dissociates,
creating a fluorine ion-rich system.

[BE4]” + H, O=>BF;*H,O+F" (Reaction 17)

Interestingly, the bandgap energy of the TiO, produced with [Bmim][Cl]
was larger than P25 (3.2 vs 3.15¢V). And, that of the [Bmim][BF,]
(3.12 eV) was not significantly different. If the material, however, was sub-
jected to calcination under vacuum, a bandgap of 3.05 eV could be realized.
Ti*" sites were detected by EPR in the sample produced using [Bmim][BE,]
under vacuum. Physically, wormhole-like structures were synthesized using
the microwave/IL synthesis method. Activity tests were conducted
using visible light from a 300 W xenon lamp. Reaction results showed that
selective oxidation of benzyl alcohol, using Ti”" sites, to benzaldehyde and
the photodegradation of methylene blue were made easier due to the worm-
hole formations, owing to better diffusion rates. The trend in yield of
benzaldehyde was Anatase/[Bmim][BF4]y.coum > Anatase/[Bmim]|[BF,] >
P25 > Anatase/[Bmim]|[Cl]. In subsequent experiments, the molar ratio of
[Bmim][BF,] to Ti was adjusted (0-5). Catalytically, at ratio of 2 performed
far superior that other tested mixtures in both the benzyl alcohol and meth-
ylene blue reactions (118).

9.5 TiO; (B): The fourth polymorph of TiO,

TiO, (B) has gained a great deal of interest in energy storage applications,
particularly as an electrode material for rechargeable Li ion batteries.
TiO, (B) has an open structure consisting of large continuous channels that
are well suited for intercalation and is the least dense of all the polymorphs.
TiO, (B) is the primary constituent of titania nanotubes; however, there
have been few theoretical studies (structural and vibrational) for TiO,

(B) (119).
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Although its photocatalytic activity has been noted to be lower than ana-
tase, T1O, (B) when combined with anatase has shown to provide photo-
catalytic activity. The composite material shows a unique positioning of
the valence and conduction bands. TiO, (B) has its CB located above the
CB of anatase, and the VB of TiO, (B) is positioned in the energy gap of
anatase, creating a Type II heterojunction similar to anatase and rutile mix-
tures. This Type II heterojunction promotes charge migration and separa-
tion. Yang et al. synthesized a composite core-shell fibril structure consisting
of TiO, (B) fiber anchored with anatase nanocrystals (120). The catalyst
structure had anatase forming interfaces with a TiO, (B) fibril core. The
synergistic composite material exhibited superior photocatalytic activity
over Degussa P-25 in degradation of the organic dye sulfo-rhodamine
B (SRB). The synergism comes from TiO, (B) crystals providing excellent
mechanical properties simultaneously with anatase providing good electron
traps. Anatase has a strong ability to adsorb oxygen molecules which in turn
captures electrons and reduces recombinations of electron and hole. The
placement of the band energies of anatase and T1O,(B) provides for efficient
charge carrier migration with photogenerated holes moving from the ana-
tase outer shell to the core of T1O, (B) while the electrons travel from T10O,
(B) to anatase. The superior photocatalytic activity was also attributed to the
structural factors of the catalyst with interfaces playing the major role. The
interface is an important structural component while synthesizing mixed
phase composites for good electron—hole migration and separation (119).
TiO,(B)/anatase provided a well- matched phase interface. Similar infer-
ences were studied by Li et al. for photocatalytic oxidation of iodide
using anatase/ T10, (B) core-sell nanofiber (121), by Liu ef al. using syn-
thesized TiO, (B)/anatase core-shell heterojunction nanowires for the
photodegradation of methyl orange solution (122), and by Voepel et al.
using synthesized multiphase TiO5(B)/anatase nanoparticle heterojunctions
using 1onic liquids to produce hydrogen from water—methanol mixtures
(49). For all the reasons mentioned above (i.e., the narrow band gap,
the specific conduction, and valence band edge potential of TiO,
(B) creating a good heterojunction when combined with anatase promoting
charge migration and separation) photocatalytic reactions have been carried
out using TiO, (B) and anatase mixtures in the areas of organic pollutant
degradation. However, the research on implementing TiO, (B) in CO,
photoconversion is not available at this time.

The unique crystal structure of TiO5(B) has led to it being implemented
in photocatalysis and electrocatalysis. One of the major disadvantages of
TiO, (B) 1s its metastable nature with its transformation into anatase and
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rutile at high temperatures. Wang et al. was able to restrict its conversion to
anatase by using HF as structure-controlling agent even at high tempera-
tures. This technique was able to maintain the TiO, (B) phase even at
750 °C. The reason reported was that the adsorption of F' ions onto
the TiO, (B) surface leads to the reduction of the surface energy from
0.63 J/m” on a clean surface to —0.22 J/m” when treated with HF causing
the restriction of the phase change. This technique can be implemented in
synthesizing TiO,(B)/anatase heterojunctions even at high temperatures
as high as 750 °C for application in CO, photoreduction, hydrogen produc-
tion, and pollution degradation (123).

9.6 Hybrid photocatalysts constituting of TiO, and their
respective defects

ZnO, MgO, and BiOBr are among the other extensively studied photo-
catalysts alongside TiO, because of their low-cost, high stability, nontoxic
nature, and unique photocatalytic efficiencies. TiO, when combined with
ZnO, MgO and BiOX (where X is Cl or Br) forms hybrid nanocomposite
photocatalysts. These hybrid photocatalysts have been reported to perform
better than semiconductors used in their pure forms, usually in the degrada-
tion of organic pollutants, that has been attributed to long term separation of
charge carriers (125). Coupling semiconductor such as ZnO, MgO, and
BiOX having conduction band gap edges placed in varying positions with
Ti0O, creates heterojunctions leading to “built-in” potential gradients at the
junction or interface producing efficient charge separation and interfacial
charge transfers (126). For example, the heterojunction formed between
ZnO and TiO, semiconductor is shown in Fig. 15. (§3). When the light
falls on ZnO, the photon energy excites the electron from VB of ZnO to
its CB leaving behind a hole in the VB. Due to the potential difference
between the conduction bands of both the semiconductors (Fig. 49), the
electrons from CB of ZnO flow to the CB of TiO,. In a similar way, the
holes flow from TiO, to ZnO (124).

Nanostructured TiO,-ZnO hybrid photocatalyst was shown to convert
COs, in the presence of water to CH4 by Wu et al. When in comparison with
pure TiO,, the hybrid gave a fivefold increase in conversion of CO, to CHy,
with pure TiO, forming 0.55 pmol/g.,. h methane and TiO,>-ZnO hybrid
forming 2.56 pmol/g.,. h methane (127). Xi et al. reported the photo-
conversion of CO, to CHy4 was five or sixfold greater for TiO,/ZnO
hybrids than commercial P-25 (128). TiO,/Zn0O generated 55 pmol/g., h
of methane, whereas P-25 using the same experimental conditions produced
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Fig. 49 The heterojunction formed between ZnO and TiO, (124).

9.3 pmol/g.,. h of methane. The authors concluded that the increase was
due to the increase in electron mobility in the hybrid. TiO,/ZnO has an
electron mobility of 205-300 cm®/VS (Degussa P 25 has 0.1—1 cm®/VS)
Also, the hybrid has a much higher surface area (225 m>/g) compared to
P25 (50 m*/g). The most significant aspect being reduced charge carrier
recombinations due to the interface heterojunction between ZnO-TiO,
(128).

Mazabuel-Collazos et al. studied defects (oxygen vacancies, oxygen
interstitials, zinc vacancies, and zinc interstitials) on ZnO-TiO, nano-
composites. Combining ZnO and TiO, led to the substitution of Zn>" with
Ti*" since the ionic radius of Ti*" (0.61 A) is smaller than Zn>" (0.74 A)
There is a displacement of Zn>" ions located in their regular structure to free
surfaces causing zinc vacancy or interstitial defects in ZnO-TiO, hybrid
materials (128). The synthesis method (ball milling of TiO, in H,O solution
doped with p-ZnO) also led to the crystal lattices of TiO, undergoing severe
plastic deformation of the crystal lattice. The role of such defects present
in TiO,-ZnO in CO, conversion is yet to be studied (129).

BiOBr is a p-type semiconductor known for its unique photocatalytic
efficiency. The as-synthesized TiO, nanotube coupled with BiOBr has
higher photocatalytic activity than P25 in sunlight for organic molecules
(130). Deng et al. synthesized mesoporous TiO,-BiOBr microspheres
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where it was suggested that doping Ti atoms into BiOBr could introduce
defects in BiOBr crystal structures (13 17). Wang et al. constructed amorphous
TiO,/BiOBr heterojunctions by coupling the (001) facets of TiO,
and BiOBr. The (001) facet of the BiOBr photocatalyst is said to provide
efficient electron—hole separations. Creating heterojunctions on such
(001) facets can prove to be more productive. The amorphous TiO,
implemented had solid-state defect levels which provided a photo-induced
charge transfer route. In other words, the photogenerated electrons of
BiOBr were easily transferred to the defect levels of amorphous TiO, leav-
ing behind more holes in the VB of BiOBr, which then increased the
separation efticiency of photogenerated charges (132).

Photocatalytic reduction of CO, to methane with water as a reductant
using TiO,-MgO nanotube hybrid was studied by Li ef al. (133). The MgO
plays a critical role in methanation of CO, as it has a strong adsorption ability
tor CO, forming magnesium carbonate. TiO, nanotubes, on the other
hand, play an important role by providing a large BET surface area, strong
adsorption ability, and efficient utilization of light. These are not properties
that are found in MgO. The other most significant attribute of this hybrid is
that the MgO covered on TiO, prevents CO or CH, from contacting TiO».
This prevents the re-oxidizing of CO, and CHy. Liu et al. also performed
photoconversion of CO, to CO using MgO patched TiO, microsphere
(134). The photocatalyst hybrid showed good stability in photoreaction
when compared to TiO,. The production of CO decreased rapidly after
an hour with TiO,. The hybrid, on the other hand, had a higher stability
whose CO production slowly decreased after 4 h. Furthermore, the hybrid
showed a fourfold increase in the activity of the temperature range of
120-150 °C when compared to bare TiO, (98). Synthesizing TiO,-MgO
mixed oxides through a sol-gel method gave rise to structural defects
according to Lopez ef al. (135). Similar to Ti*" substitution in the places
of Zn>" in TiO,-ZnO hybrid photocatalyst, in TiO,-MgO, Mg>" becomes
substituted by Ti*" ions, creating vacancies in the titania lattice that leads to
structural defects (i.e., titania vacancies and titanium interstitials). R eactions
17 and 18 describe the formation of other defects, including oxygen vacan-
cies and magnesium interstitials formed. One of the main goals to defect
formation is to maintain charge neutrality in the catalyst hybrids. The impor-
tance of defects of MgO and TiO, combination in CO, photoconversion
has not been well studied at this time.

TiO, + MgO — MgTi" + O + Vi (Reaction 18)
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where V§ represents an oxygen vacancy.
2MgO — MgTi" + 206 + Mg} (Reaction 19)

where Mg;" represents a magnesium interstitial.

9.7 Summary of defect synthesis methods

Black TiO, defect synthesis methods have centered largely on sol-gel prep-
aration and heat treatment approaches. For the sol—gel systems, titania pre-
cursors and various surfactants have been the most tested parameters,
whereas calcination temperatures (200—700 °C) and atmospheres (i.e., air,
He, and H,) have been the focus for heat treatments. Unfortunately, band
gap energies for many of the black TiO, have not been reported, making a
true comparison with DFT results difficult. Annealing of T1O, up to 600 °C
under H, atmosphere gave reasonable physical and optical results with
absorption energies in the visible region. Temperatures above 600 °C saw
a sharp increase in crystal size and a collapse in the BET surface area, making
the material less eftective as a catalyst.

Doping of TiO, with metals can lead short band gap energies but often at
the expense of creating mid-gap energy states that negatively impact elec-
tron—hole recombinations. Composite materials, such as nickel oxides or
copper oxides combined with T10O,, ofter a solid compromise through elec-
tron scavenging mechanisms. The art lies in the preparation procedures to
provide intimate contact between the two (or more) types of materials
such that a valence band electron can be excited by a photon and effectively
transfer across the heterojunction.

Ionic liquid templated, microwave assisted synthesis method produced
titanium nanorods which could be ideal for moving reactants through
the porous solid. Pore sizes can be readily tailored using inorganic salts.
There different types of oxygen vacancy energy states were formed due
to the localized heating effect of microwave irradiation. However, no infor-
mation could be found toward optimization of either the inorganic salts
(i.e., salt concentrations or salt mixtures) or microwave parameters (i.e.,
wavelength or irradiation time).

10. CO, Photocatalytic conversions using TiO,

While most of the experimental research has focused on conversion of
organic compounds (i.e., dyes), there has been much work toward the
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conversion of CO,. From both the DFT studies and the TiO, synthesis
efforts, a few major points of interest emerge. The development of catalyst
surfaces with (1) oxygen vacancies, (2) lower bandgap energies, and
(3) increased electron—hole—recombination times are among the most
significant. Thermal treatment and addition of dopant elements appear to
be the pathways studied by most to achieve these desired qualities. Prior
to being adsorbed onto the TiO, surface, it is believed that CO, must be
activated via photogenerated electrons (CO5) (136-138). As was shown
from DFT calculations, CO, adsorbs via a bent geometry onto Ti>" sites
rather than its normal linear geometry. Indeed, the reduction of CO, using
H,O must overcome the Gibbs free energy barrier (Table 24) to produce
commonly accepted valued-added products (139).

10.1 Conversion of CO, on unsupported TiO,

Photocatalytic activity for Cu-doped Ti1O, by Liu ef al. consisted of contin-
uously passing CO, saturated with H,O vapor through a reactor (2 mL/min)
using a 150 W (90 mW/cm?, 2001000 nm wavelength) light (114).
Production of CO and CH, were monitored throughout each experi-
ment. Once irradiated, the catalysts deactivated after ~6.5 h (Fig. 50).
Mechanistically, the authors point toward a decrease in the Cu"-CO band
(observed via in situ DRIFTS), indicating conversion of Cu™ to Cu". Since
Cu" is hypothesized to be a hole scavenger, a decline in reactivity would be
expected. Integrating the production rate over time revealed that CO
production was 4 to 1 for the helium pretreatment vs unpretreated catalyst,
and 2.27 to 1 when hydrogen pretreatment was compared to helium

Table 24 Gibbs free energy for conversion of CO, to value-
added products (adapted from figure) (779).

Gibbs free energy
Reaction (kJ/mol)

CO, = CO+1/20, 257

CO,+H,0 = HCOOH +1/50, 286

CO,+H,0 = CH,0+0, 522

CO,+2H,0 = CH;0H +3/20, 703

CO,+2H,0 = CH4+20, 818
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pretreatment. The production of CHy was always lower than CO, most
likely due to fact that methane requires eight electrons to two for carbon
monoxide. Decoupling the eftects of pretreatment vs Cu addition revealed
Cu enhanced both CO and CH,4 production since Cu hinders electron—hole
recombinations by trapping electrons.

To differentiate between the effects of copper species and defect sites,
an enhancement factor, F, was determined from the normalized productions

of CO and CH,.

Fco = Yeu/Yricup) (6)
Fp = Yritue)/Yri(up) (7)

where F¢, i1s the enhancement due to Cu species, Fp, is the enhancement
due to defect sites formed by pretreatment (either in He or H,), and y 1s
the production of either CO or CHy.

For the production of CO and CH,, the Fc, was 1.3 and 7.4, respec-
tively, which indicated that Cu promoted the formation of both CO and
CHy, since Cu inhibits electron—hole recombinations by trapping electrons.
Fp was 1.1 and 7.4 for CO and CH4, respectively, for reactions on Ti(He)
and 4.8 and 3.5, respectively for reactions on Ti(H,). Since they are all
above unity, pretreatment, either in He or H,, promoted photoreduction
due to the formation of surface defects such as Ti*". The authors postulated
that there was a higher concentration of Ti>" sites on the Ti(H,) than the
Ti(He) since the Ti(H,) catalyst had a higher Fy, value, and thus, a higher
production of CO.

To elucidate the mechanism for activation and reduction of CO,,
in situ DRIFTS was used. In situ DRIFTS indicated the formation of
bidentate carbonate (CO3~), bicarbonate (HCO;), CO,~, and Cu'-
CO. A mechanism, first postulated by this group in 2012, explains these
findings (Fig. 51) (140). The defect sights (T1*™") holds excess charge that

0=c=0 HE
cut\, ?U"(??)\Q
_b gro e o (1) _bgeto g o
He |(4) (2)
o, " ,
¢ 5o
Gu* g (\?
o gpeg-qte o T (3)0 _A-qieg e o

Fig. 51 Proposed mechanism for dissociation of CO, on TiO, (740).
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migrates to adsorbed CO,, forming CO, ™. CO, can be dissociated via the
CO," intermediate, forming CO. The function of the Cu could be
increased adsorption sites for CO,, The reaction mechanism, as reported
by the authors, is presented in Reactions 20-23. CO, can be reduced to
CO by H" or self-transformation, forming CO3>~. CO can also be formed
from direct dissociation (or “healing”) with an oxygen vacancy. The forma-
tion of methane, on the other hand, is more complicated since methane
requires eight electrons vs two needed by CO. Once a dissociated H is avail-
able, formic acid, methanol, formaldehyde, and CO can serve as intermedi-
ates for CH,4 formation (114). In this context, it is worth mentioning that L1
and Li published a review on photocatalytic water splitting to produce H on
semiconductor-based photocatalysts including TiO, (141) xy.

CO, +H" +e” — CO + OH™ (Reaction 20)
CO, + CO;, — CO + CO;~ (Reaction 21)

CO, + [Ti’" =V, = Ti*'] - CO + [Ti*" — O, — Ti*"]
(Reaction 22)

HCO3, CO, CH;OH, HCOOH > Cgy. — CHs* = CH,
(Reaction 23)

Exchanging Pt for Cu, as shown by Lin et al., flips the selectivity toward CHy
over CO (Fig. 52) when compared to Cu/TiO, catalysts. Using a flame
aerosol reactor for catalyst synthesis, platinum (platinum acetylacetonate)
was infused into the TiO, (titanium isopropoxide) matrix which was hydro-
genated to form oxygen vacancies (V,,). Bandgap energies (in eV) were 2.90
(T10,-V,), 3.05 (Pt/TiO,), and 2.88 (Pt/TiO,-V,). By adjusting the Pt
loadings, the CO,/H,O reactants could be directed toward the production
of methane, and in some cases, only methane. Unfortunately, the catalyst
had a relatively short lifetime. In a continuous photocatalytic reactor, peak
CO/CH, production occurred at 4 h, and then declined, with a 77% loss in
production over the next 4 h of reaction time (142).

To help explain their results, the authors investigated the role of
O, (obtained from the photo-oxidation of H,O). By defining the ratio of
O,/Nj as a parameter to discriminate from exogenous O, vs that obtained
from the reaction, a mechanism could be postulated. Initially under dark
conditions, the O,/N, ratio significantly reduced and could be defined as
an electron scavenging effect.
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Fig. 52 (A) Average CO production rate (8 h) on TiO,-V, prepared under different H,
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pared under 12 L/min H, flow, (C—E) CO and CH,4 Production rates on (C) TiO,-V,,
(D) TiO,-V,, (E) Pt/TiO,-V,, (F) O,/N, volumetric ratio before and after CO, photoreduc-
tion on Pt/TiO,-V, (142).

O, +e =20, (Reaction 24)

However, under irradiation, the ratio increased due to the photo-oxidation
reaction.

H,O +2h"=>2H" + 15 O, (Reaction 25)

The authors also note that the O, concentration was several orders of mag-
nitude less than CO,. While CO, competed with O, for photogenerated
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electrons, the formation of CO and CHy indicated that photo-oxidation
and photoreduction occurred simultaneously. A metal-support interac-
tion (MSI) model describes the synergistic activity between the Pt and
TiO,-V,. The Pt and TiO,-V, combination extended the life of the
catalyst, as compared to a Cu/TiO, catalyst, and enhanced the absorption
of light, the surface activation of CO,, and the separation efficiency of
electron—hole pairs.

Electron—hole charge pairs were investigated using time resolved
photoluminescence (PL) spectroscopy and transient photocurrent response
measurement. The electron—hole lifetimes were found to be (in ns) 7.03
(T10,-V,,), 7.53 (Pt/T10,), and 8.37 (Pt/T10,-V,,) using PL spectroscopy.
The photocurrent density was in the order of TiO,<TiO,-V,<
Pt/TiO, < Pt/TiO,-V,,. These findings show that the strong EMSI pro-
motes charge carrier separations and generates higher photocurrents. On
the catalyst without Pt, no CH, was formed, most likely due to a lack of
electrons needed for the kinetic product (i.e., CHy) to form rather than
the thermodynamic product (i.e., CO). Addition of Pt provided the much
needed photo-generated electrons for CH, synthesis. This mechanism is also
supported by Tasbihi ef al. (Fig. 53) who showed the conversion of CO/
H,O to H,, CO, and CH4 on Pt/TiO, (143).

Catalyst deactivation, however, is a major concern for nearly any type of
metal impregnation. For the Pt/TiO, and Pt/TiO,-V, surfaces, XPS rev-
ealed higher binding energies for the Pt signal for the Pt/ TiO,, which was
attributed to the formation of Pt—O. However, Pt/TiO,-V, showed no
significant increase in the binding energy owing to its high chemical stabil-
ity. DRIFT results showed high formate production and H,O on the
Pt/Ti0O,-V,, surface which was believed to be due to Pt® and V surface spe-
cies. Adsorption and dissociation of H,O generates protons that react with

Fig. 53 Proposed reaction pathway for conversion of CO,/H,0 on (A) TiO, and (B) Pt/
TiO, (7143).
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carbonates to form formate. Reaction sites are left unoccupied for the next
redox cycle due to photoirradiation. HCO3;~ and CO5>~ are less active
intermediates and block surface active sites.

The selectivity toward methane for CO,/H,O reactions was also inves-
tigated by Olivo et al. (144). Anatase samples were prepared from titanyl
sulfate while doping with Cu and N atoms. Reactions were performed in
a tubular batch reactor with a 366 nm wavelength with 50 W/m? light.
Fig. 54 (left) shows the production of CH, for three catalyst types
(a commercial TiO,, a TiO, with N-doping (NT), and a TiO, without
N-doping (NaT)). There was a continued increase in methane production
throughout the 6-h experiment time. Addition of N greatly enhanced the
generation of methane. Methane, by the way, was the only detected prod-
uct. Addition of Cu to the NT system increased methane generation rates by
40%—-50% (Fig. 54 (right)).

When structural properties were considered, BET surface areas were
93-110 m*/g, and according to XRD results, only anatase was observed
(~10 nm crystallite sizes). Copper nanoparticles were not detected, even
at the highest Cu loadings. Temperature programmed reduction (TPR) ana-
lyses indicated the reduction of Cu®* to Cu®. Furthermore, diffuse reflec-
tance spectroscopy indicated a higher absorbance in the visible region for
the 0.6 CulNT than the 0.2 CulNT due to a greater amount of the Cu metal.
In the UV—vis region (390—480 nm), N-doping caused intense absorption
since nitrogen does not deter light absorption by TiO2. The least absorption
was from the 0.6 CulNT catalyst probably from a higher copper concentra-
tion that partially covers the titania surface. The formation of methane can
be linked to the effects of Cu since the conduction band energy of CuO
(1.6 eV) is lower than Cu,O (2.4 eV). Photoexcited D electrons are trans-
ferred from the TiO, conduction band to the Cu oxide conduction band,
causing a decrease in electron—hole recombinations.

A major focus of their investigation was the effect on product distribu-
tion for various CO,/H,O ratios (Table 25). By increasing the concentra-
tion of water (i.e., changing the ratio of CO, to water from 13.3 to 2.0),
hydrogen begins to appear as a product. In addition, a maximum Turn
Over Number (TON) for methane was found to be 139.9 nmolcii4/gea
for a CO,/H,O=2. The trend in CH, production, a bell-shaped curve,
could be interpreted by two competitive processes: (1) a required mutual
interaction between CO, and H,O on the catalyst surface to reduce CO,
(i.e., more efficient interactions between the two reactants for lower
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Table 25 Methane and hydrogen production and methane selectivity on Cu and
N-doped TiO, (744).
CH,4 production TON  H, production TON

CO,/H,0 (nMolcya/Ycat) (nmolcya/Year) CH, selectivity (%)
13.3 85.3 0 100

10 118.8 6.3 95

5 134.6 7.1 95

2.5 136.9 7.4 94.5

2 139.9 8 94.6

1 92.2 8.8 91.3

CO, concentrations) and (2) for CO,/H,O <1 water splitting is the main
reaction leading to higher H, production. In either case, maximized CO,
conversion is accomplished by an optimum CO,/H,O ratio (144).

10.2 Conversion of CO, on supported TiO, catalysts

The overall reaction pathway for CO, conversion on photocatalytically
active TiO, follows the typical routes that include adsorption of reactant
onto the surface of a catalyst particle, diftusion through the catalyst particle,
reaction on an active site, followed by desorption and diffusion of products
from the interior of the catalyst particle to the catalyst surface. If the TiO,
(doped or undoped) nanoparticle is considered the active “site,” then disper-
sion of the TiO, onto a solid support allows for typical heterogeneous
reactions to occur.

Mg/ Al Layered Double Hydroxides (LDHs) have long been known for
their adsorptive capacity for CO, (146—149). However, they are not partic-
ularly photocatalytically active. To merge the CO, adsorptive properties of
MgAIl-LDH with the photo-active properties of TiO,, Zhao et al. embed-
ded titania (heat treated 100-600 °C) onto the LDH (745). Using a contin-
uous flow, packed bed reactor (Fig. 55) (2001000 nm, 420 mW/cm” light
source), reactions were performed on a series of Ti-containing MgAl-LDH
powders that had undergone hydrothermal treatment (HT) at temperatures
100-600 °C (Table 26). The photocatalyst exhibiting the highest produc-
tion of CO was on HT150 (Ti-embedded on MgAl-LDH hydrothermally
treated at 150 °C). Comparing catalysts (normalized by catalyst mass), the
optimal hydrothermal treatment was 150-200 °C, where the HT 150 cata-
lyst was four times more active than P25 and 50% more active than without
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Fig. 55 Experimental set up for CO,/H,0 conversion on Ti-MgAI-LDH. (T,,,=150 °C,
Ci20= 2.3 vol%, 200—1000 nm, 420 mW/cm? light source) (145).

hydrothermal treatment (CP) (Fig. 56A). When normalized by surface area
(Fig. 56B), the HT200 was twice as active as CP and P25. These results show
that hydrothermal treatment yielded catalysts that were more active than cal-
cination treatment. By comparing the activity results with structural and
optical properties (Table 26), the properties that effect CO, photoreduction
include TiO, crystallinity, band gap energy, surface area, and CO, adsorp-
tion ability.

MgAI-LDHs are commonly used in purification processes to remove
CO, from process streams; however, there is a significant cost in energy
to desorb CO, 1n a cycling adsorption/desorption process. In an effort to
reduce the cost of CO, desorption from LDHs, Liu ef al. investigated the
photocatalytic properties of MgAl-TiO, (150). To test for the optimum
composition for both adsorption and conversion of CO,, they explored
atomic ratios of Mg:Al:'T1 of 3:1:1.5, 3:1:3, and 3:1:4.5, corresponding to
27, 43, and 53 atomic percent of Ti (determined by Ti/(Mg+ Al+Ti)).
Initially, CO, was adsorbed onto the MgAl-Ti0O; surface. Under UV reac-
tion conditions (100200 °C, <390 nm wavelength, continuous flow tubu-
lar reactor), CO was found to be the major product (two orders of magnitude
more than CHy), and CO was then used to determine CO, conversion. The
adsorbed CO, was found to be in the form of carbonate and bicarbonate
(Fig. 57). Desorption of some CO, occurred and was released as gas phase
CO; (determined as D%). Some CO, was converted (determined as C%),



Table 26 Structural, optical, and CO, adsorption properties of Ti-MgAI-LDH materials (745).

Pore volume CO, adsorption CO, adsorption CO, adsorption capacity per  Bandgap
Catalyst BET (m?/g) Pore size (hm) (cm3/g) capacity (%) capacity (mmol/g) unit surface area (pmol/m?) energy (eV)
Cp* 169.9 55 0.25 2.07 0.470 2.77 3.40
HT100" 181.4 6.3 0.3 — — - 3.40
HT150 117 10.8 0.38 0.66 0.150 1.28 3.32
HT200 78.3 14.3 0.33 0.62 0.141 1.80 3.31
R400° 111.4 4.2 0.14 0.85 0.193 1.73 3.42
R500 102.1 4.4 0.16 — — — 3.35
R600  73.8 5.7 0.2 0.59 0.134 1.82 3.30
P25 - - - 0.11 0.025 0.5 3.20

*Coprecipitation of Ti onto MgAl-LDH without hydrothermal treatment.
Coprecipitation of Ti onto MgAl-LDH with hydrothermal treatment (HT) (in °C).
“Coprecipitation of Ti onto MgAI-LDH calcined in muffle furnace (R) (in °C).
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Fig. 57 Schematic of the integrated CO, capture and photocatalytic conversion on
TiO,-MgAI-LDH catalyst (750).

Table 27 Percent concentrations for desorbed, converted, and residual CO,
on various MgAI/TiO, catalysts under UV irradiation (T,,, =200 °C) (750).

Catalyst D% C% R%
MgAl/Tiy" 491 8.1 42.8
MgAl/Tiys 80.2 15.3 4.5
MgAl/Tis; 77.9 17.8 4.3

*The subscript value is the nominal atomic percent of Ti determined by Ti/(Mg+ Al + Ti).

and some remained bound to the surface (determined as R%). These are pres-
ented in Table 27.

_ (CO Desorbed)
D% = (CO2 Adsorbed) x 100 ®)

_ (CO2 Produced)
C% = (CO2 Adsorbed) x 100 ©)
R% = 100% — D% — C% (10)

In situ DRIFTS analysis (Fig. 58) provided some of the most elucidating infor-
mation on CO,/TiO; surface interactions. When MgAl/Ti,; was subjected
to CO,/H50 (dark exposure at 150 °C), the adsorbed species were bidentate
carbonate (b-CO3%~ at 1654 and 1284 cm™ '), bicarbonate (CO32~ at 1692
and 1223 cm™ '), and carbonate (m-CO3>~ at 1565, 1474, and 1404 cm ™).
A weak chelating bridge carbonate (c-CO3~ at 1793 cm™ ') was also found.
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Fig. 58 Adsorbed species of CO, and H,0 on MgAI/Ti3 as identified from in situ DRIFTS
analysis (150).

Furthermore, Spectrum 2 (Fig. 58) (i.e., the desorption phase) showed that
peak intensities of HCOj3 and b-CO3>~ decreased by 53%-58% and those
of ¢-CO3  and m-COj3 changed only slightly (15%—17%). Under
UV-—Vis irradiation for 180 min, the residual HCO;~ and b-CO;>~ decreased
by 60%—70%. There was also a 35%—45% decrease for the ¢-CO3>~ and
m-CO5>~, which were strongly chemisorbed and pointed toward CO, con-
version. These results were explained by the authors as HCOj3 and b-CO3
easily and quickly desorbed at CO; and converted to CO via weaker base sites
of the M""—O*" rather than O® sites. From the gas phase analysis, the
authors concluded that:
1. The majority of desorbed CO, was due to thermal eftect due to weakly
bonded HCO;3™ and b-CO3”~
2. Photocatalytic conversion could initiate from either weakly bonded
HCO; ", b-CO3*", or strongly bonded c-CO5%>™ and m-CO;> ™.
On the best material (MgAl/Tiy3), there was a 15.3% conversion of CO,
with only 4.3% residual CO, remaining on the surface at 200 °C reaction
temperature. Considering that typical desorption temperatures are
400-500 °C, removal of converted CO, at a much lower temperature is
an economic victory, especially a salable product is formed. Cyclic
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adsorption/(desorption/conversion) experiments determined that con-
version decreased slightly (15.3%—13.0%) after 5 cycles. The desorption
remained nearly constant at ~80% for each cycle (150).

The performance of photocatalytic CO, reduction on TiO,-type cata-
lysts supported on monoliths was studied by Tahir et al. (151). Combinations
of TiO,, InO-Ti0,, NiO-Ti0O,, and NiO-InO-TiO, active materials were
coated onto a cordierite ceramic monolith with square channels. Batch reac-
tions (100 °C, UV irradiation, CO,/H, =1.0) resulted in products ranging
from CO to light hydrocarbons (C1-C3 with mixtures of alkanes and
alkenes) (Table 28). Depending on catalyst used, product yield and selec-
tivity could be tailored for desired needs. In,O3/T10O, catalysts promoted
CO formation, and the addition of NiO strongly promoted CO formation.
Efficient charge transfer, high surface areas, and improved adsorption/
desorption processes were cited as reasons for the high activity levels.
However, reduced charge recombination centers with excess In,O3; loading
may have attributed to lower photocatalytic activity (151).

Steady-state reactions revealed that the reverse water gas shift (RWGS)
reaction was strongly favored for the In,O3/Ti0O, and NiO-In,O53/TiO,

Table 28 Product yield and selectivity for CO,/H, reactions on TiO, and metal-doped
TiO, (151).

Yield of products (ng/gcar) Selectivity (%)
Catalyst co CH; CHy; CHs GCsHeg C3Hg CO CH,4
T10, 95 137 — — — - 40.95 59.05
2% In,O3/T10, 1150 120 2.85 6.73 2.31 1.30 89.63 9.34
3.5% In,O3/Ti0, 1805 36 0.61 2.18 1.98 0.87 97.92 1.93
5% In,O3/T10, 1227 52 1.15 3.39 2.03 0.99 95.40 4.02
1% Ni1O/Ti0, 2250 45 0.41 0.47 0.78 0.34 97.55 2.40
2% Ni1O/Ti10, 7306 38 0.25 0.67 0.84 0.32 99.46 0.51
3% Ni1O/Ti10, 4516 46 0.66 0.94 1.83 0.60 98.76 1.14
0.5% Ni10O-3.5% 4826 144 3.12 12.06 25.47 3.71 94.94 3.87
In,O03/T10,
1% Ni10O-3.5% 11,325 97 0.74 294 15.97 8.00 98.91 0.85
In,O3/T10,
2% N10O-3.5% 6100 37 0.34 1.71 38.03 5.19 98.67 0.60

Il’l203/TiOZ
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Table 29 Photocatalytic CO, reduction with H, using TiO, and metal-doped TiO, on
monolith channels (757).

Selectivity
Conversion (%) Yield rates (umol/g., h)* (%)
Catalyst c02 H2 co CH4 CZH4 C2H6 C3H6 C3H8 co CH4
T10, 1.7 2.3 58 68 0.13 3.25 0.33 0.38 44.58 52.27
3.5% 6.42 548 2028 31 0.48 194 0.19 0.18 98.36 1.50
In203/TiOZ
1% 10.20 16.40 12,029 34 0.33 1.95 2.36 1.01 99.67 0.28
NiO-3.5%
In203/TiOZ

*Yield rates determined from 8 h irradiation basis, CO,/H,=1.5, T,, =120 °C.

catalysts (Table 29). Selectivity toward CO was nearly 100%. Conversion of
CO,, rarely reported for CO, photocatalytic conversions, were 6.42 and
10.20 on the In,O53/Ti0; and NiO-In,O3/TiO,, respectively. Large sur-
face areas (84-87 m°/g), increased mesoporosities, higher mobility of char-
ges due to hindered recombinations of photo-generated charges, better light
absorption, and efficient mass transfer were cited as reasons for the superior
photocatalytic activity.

The authors also established a Quantum Efficiency (QE) for comparison
of various types of catalyst/reactor systems (Eq. 11). The UV light energy
input into the reactor was used to calculate the moles of photons. For their
catalysts, they determined % QE to be 0.053, 1.04, and 0.48 for cell type
batch reactor, microchannel monolith type batch reactor, and microchannel
monolith type continuous reactor, respectively. The QE determination rev-
ealed that the monolithic reactors (both batch and continuous) had higher
performances, which was attributed to the hindered charge/hole recombi-
nations. QE was also higher when H, was used as the reductant rather than
H,O (151)

2 x moles of CO rate (m"l)

S

QE (%) = x 100 (11)

moles of photon flux (%01)

In another study on hybrid TiO, photocatalyst, Kim et al. synthesized
a CuyZnSnS,;-TiO, (designated as CZTS-TiO,) photocatalyst (152).
CZTS is a p-type semiconductor (bandgap=1.5 e¢V) that was originally
developed as a photovoltaic material. Its use in this study was to create a
p—n heterojunction with the n-type TiO, (Fig. 59). Activity tests were
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Fig. 59 Catalytic energy diagram for the photocatalytic conversion of CO,/H,O on
Cu,ZNnSnS,4-TiO, (152).

Table 30 Turnover number (TON) and turnover frequency (TOF) for CZTS-
TiO, catalysts (CT1,CT2, CT3, and CT4 represents 1.9, 3.8, 5.7, and 7.6 mg of
CTZS in 0.1 mL TiCly, respectively) (152).

Catalyst TON*® TOF®
CT1 0.31 0.31
CT2 0.37 0.37
CT3 0.76 0.76
CT4 1.48 1.48
CT4 (5h) 1.7 0.34
CT4 (10h) 0.9 0.09

a _ moles CH4 produced
TON= moles TiO2 Present on catlyst ( )

PTOF=—JTON ____(13),

Reaction time (hours)

conducted using a CO,/H,O mixture irradiated using a Xenon AM 1.5
filtered light source. Product analysis showed mainly methane after 1 h of
llumination. Increased concentration of CZTS yielded higher methane
production (up to 118.75 ppm/g., h). Turnover numbers (TON) and
Turnover Frequencies (TOF) are presented in Table 30. After 1 h of illumi-
nation, the CT4 catalyst hada 1.48 TON and 1.48 h~' TOF. The TON was
1.67 after 5 h and 0.90 after 10 h of continuous illumination.
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As already pointed out, adsorption/desorption of reactant and product
molecules play an important role in the overall catalytic process, especially
when selecting support materials. In addition, highly efficient electron
acceptors and transports are also necessary. Carbon-based supports, such
as Graphene oxides and carbon nanotubes, are then considered as support
materials since they have surface hydroxyl groups and extended m bond
for improved adsorption and activation of CO,/H,O molecules.

Zhao et al. synthesized and tested Pt/TiO, core shells supported on
reduced graphene oxide sheets ((Pt/TiO2)@rGO-n) using a gas-closed

(13 2

circulation reactor system (153). (“n” refers to the nominal weight percent
of rGO to Pt/TiO,) Fig. 60 shows the production of CH, and CO during an
8 h irradiation time. Product yields and selectivities can be found in
Table 31. Selectivity for CO was approximately (~58%) the same for
P25, TiO,, and TiO,@rGO catalysts. However, addition of Pt to TiO,,
and T1O, @rGO shifts the selectivity toward CHy (93%—95%). These results
were attributed to platinum’s lower Fermi energy level, providing for
enhanced trapping photo-generated electrons. There existed an improved
efficiency for light harvesting due to an electronic coupling between 7 states
of GO and conduction band states of TiO,. This improved efficiency lead
to alowering of the bandgap from ~3.1 to ~2.5 eV for P25 and Pt/ T1i02) @
rGO-2, respectively.

The mechanism (Fig. 61), as described by the authors, consists of
photogenerated electrons that form an enriched region on the reduced
graphene oxide shell. Within this enriched region, CO, is reduced to
CH,. The electron—holes contained within the TiO, reaction with H,O
and O,, along with a H", for the CO, reduction. The electron transfer that
takes place is TiO, = Pt = rGO and could be a rate-limiting source. The
adsorption of CO; is favorable to the abundant & electron cloud of the rGO.
Therefore, the formation rate of CHy is closely linked to the thickness of
rGO on the surface of the Pt/TiO,. If the rGO is too thick, light penetration
to TiO, is negatively impacted. If it too thin, there is insufficient electron
collection. A quantum efficiency (based on methane productions) was also
determined (Table 31). The best efficiencies were 1.06 and 1.93, and 0.90%
tor (Pt/TiO,) @rGO-1, (Pt/TiO,)@rGO-2, (Pt/TiO,)@rGO-5, respec-
tively. These results also point toward an optimized thickness of reduced
graphene oxide. In fact, (Pt/TiO,) @rGO-10 had a QE=0.25, indicating
a significant loss of incident light penetrating to the TiO, when rGO was
10 wt% (153).
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Fig. 60 Production of CH,4 (A) and CO (B) for CO,/H,0 photocatalytic conversion over
TiO,, Pt-TiO,, and Pt-TiO, on reduced graphene oxide support (753).

In another study toward the photocatalytic conversion of a CO,/H,O
mixture, Piler et al. investigated synthesis parameters for T1O,/single walled
carbon nanotube (SWCNT) nanocomposites (154). They used surfactants
(sodium dodecyl sulfate (SDS) and sodium dodecyl benzenesulfonate
(SDBS) to separate SWCNT bundles prior to adsorbing TiO; nanoparticles
onto the SWCNT surfaces (Fig. 62). Their procedure utilized UV irradia-
tion during the synthesis procedure to induce disturbances within the TiO,
lattice structures. These disturbances, along with w-w stacking interactions of
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Table 31 Production and production selectivity for CO,/H,0 conversion on TiO,,
Pt-TiO,, and Pt-TiO, on reduced graphene oxide support (753).
Rate of product formation

(nmol/gcae h)? Selectivity (%)
Catalyst CO CH, H, 0, CO  CH; QEcus (%)°
P25 1.8 1.3 3.8 - 58.1 419 0.06
TiO»-001/101 47 3.4 5.4 155 580 420 0.17
Pt/TiO, 13 133 727 673 7.0 93.0 0.5
TiO,@rGO-2 8.6 6.0 0.8 17.7 589 411  0.30
(Pt/TiO,)@rGO-1 0.8 232 211 618 33 967 1.06
(Pt/TiO,)@rGO-2 0.4 413 56 98.4 09 991 1.93
(Pt/TiO,)@rGO-5 1.0 198 137 549 48 952 0.90
(Pt/TiO,)@rGO-10 0.4 4.7 3.7 120 7.8 922 025

"Reaction conditions: 0.1 g photocatalyst, 0.1 MPa CO, pressure, 2 mL H,O, 320-780 nm light source,
8 h irradiation, T,,, =4 °C
bQECH4(%) _ 8X(number of produced CH4 molecles)

Fig. 61 Proposed reaction mechanism
(Pt/TiO,) @rGO catalyst (153).

(number of incident photons)

CO,+tH,0 cH+0,

x 100.

for CO,/H,0 photocatalytic conversion over

the SDBS benzene ring and the carbon nanotubes, lead to an intimate
contact between the SWCNT and the TiO,. The samples were then heat
treated at 200, 350, and 500 °C, producing photocatalysts with bandgap
energies ~1.0 to 2.75 eV, where the lowest bandgap energies occurred
for the SDBS-treated samples that had been calcined at either 350 and
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Fig. 62 TEM images of nanocomposite materials containing TiO, nanoparticle (NP) on
SWCNT (754).

——TiO2
——SWCNT/TiO2 - SDBS (500 °C)

0 20 40 60 80 100
Irradiation Time, min

Fig. 63 Reaction results comparing TiO, and SWCNT/TiO, prepared using SDBS, UV
irradiation, and calcined at 500 °C (<400 nm light source, T,,,=40 °C) (154).

500 °C. Reaction results (Fig. 63) illustrate a markedly increased activity for
the SWCNT/TiO, (that had been synthesized using SDBS and then cal-
cined at 500 °C) compared to bare TiO, (154).

11. Oxygen vacancy recovery during photocatalytic
reaction

There are pathways to regenerate oxygen vacancies during a
photocatalytic reaction. Ye et al. studied bismuth oxychloride (BiOCI)
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photocatalyst in converting N, to NH; and CO, to CHy. In the presence of
UV irradiation, oxygen vacancies can be refreshed. The underlying mech-
anism is still under debate (155). However, it was mentioned by Wu ef al.
that hydroxyl groups, play a significant role in the evolution (or recovery
process) of photoinduced oxygen vacancies in BiOCI during the reaction
(156). Ye et al. stated that the oxygen vacancy concentration in BiOCl
photocatalyst increased as UV irradiation time increased as well as a catalyst
color change from white to black (155).

No research has been reported on the recovery process of oxygen vacan-
cies during the reaction with TiO, as the photocatalyst. However, an
assumption could be put forward that TiO, could follow a similar pathway
in the recovering of oxygen vacancies as found in the case of BiOCl
photocatalyst. Strunk et al. has suggested a pathway for formation of Ti>*
and oxygen vacancies in the presence of hydrogen shown in Reaction

(26) (48).
Ti"—O-Ti"*"+H, =T’ - - T’ +H,0 (Reaction 26)

One possible theory is that the hydrogen generated during the photo-
catalytic reaction in the presence of water and CO, could help in partially
reducing Ti*" to Ti*" while creating titanium defects that could be used
in photoreducing CO, more efficiently. Another proposed theory is that
injecting hydrogen into the reactor during the photocatalytic conversion
of CO, using TiO, as the photocatalyst creates a constant recovery of
defects.

12. Concluding remarks

As has been described in this review, TiO5 has played and will con-
tinue to play a role in photocatalytic conversions, especially CO,, to more
useful compounds. Since titanium is abundantly available, T1O, can be read-
illy produced in either of its several crystallographic forms. Incorporating
lattice defects into the crystal structure has shown to be the most eftective
method for increasing CO, adsorption onto the surface as well as esta-
blishing the appropriate Fermi energy for surface catalytic chemistries.
Synthesizing the various types of defects has been the focus of much of
the most recent research for photocatalytically-active TiO,. To be most
effective as a photocatalyst, longer electron—hole separation times are
needed, which can be accomplished by controlled construction of lattice
defects, such as oxygen vacancies.
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Fundamental understanding of the TiO, surfaces has been driven
through DFT and surface characterizations. Hybrid DFT models allow
for specific spin state calculations as well as contributions from potential
gradients as is expected for photocatalytic reactions. Calculations based on
cell size, spin polarization, electron localization, and long range interactions
were performed on numerous types of TiO, surfaces. However, the
more complex the calculation, the more computation time is needed.
Investigations using noble metals (Au and Pt) revealed that Pt binds to
the rutile (110) surface without oxygen vacancies much more strongly than
Au, probably since Au forms 3-dimensional clusters. Therefore, Pt is easier
to distribute across the Rutile surface. Both metals can be adsorbed beyond
the surface layer and promote reactions via band gap energy states. It is fur-
ther suspected that controlling the concentration of Pt leads to wavelength
tuning. However, H, bonds strongly to Pt, which could be a detriment to
CO, conversions that require a reductant where H, could be fed as a core-
actant or evolved through water splitting reactions. Mid-gap energy states
were produced using CuO, nanoclusters on TiO, anatase and rutile, both
computationally and experimentally. The modeling showed that Cu, inde-
pendent of its oxidation state, bound strongly to the TiO,. The experimen-
tal work corroborated the computational work that predicted a red shift
in the band gap of this n-type and p-type heterojunction. This combination
of computational/experimental illustrated the powerful confluence of these
two worlds.

As developed throughout this work, advancement in TiO, photo-
catalytic conversions arise from deep understanding of theory, synthesis, and
material characterization. Investigating lattice defects using in situ DRIFTS,
Electron Paramagnetic Resonance (EPR), 3D-AFM, AFM-STM, photo-
electrochemical characterization, positron annihilation lifetime spec-
troscopy (PALS), and Atomic Force Microscopy (AFM) have led to
identifying and quantitating surface and sub-surface oxygen vacancies, band
gap energies, and Fermi energy levels. EPR, which has been well described
by Che and Tench (157,158), has shown useful in identifying unpaired elec-
trons trapped by an oxygen vacancy as well as in understanding Ti>" defects,
which are not readily detected using XPS. More recent studies suggest
that surface bridging oxygen vacancies are primarily responsible for the band
gap state in TiO,, although some contribution arrives from other defects,
possibly interstitial Ti or subsurface oxygen vacancies (159). Komaguchi
et al. demonstrated that sub-band gap illumination promotes electron

transfer from O,%” at an oxygen vacancy to an adjacent Ti'*", creating a
Ti*" site (160).
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Finally, this review explores the experimental work performed for syn-
thesizing TiO,-based photocatalysts with particular interest in CO, conver-
sion to useful products using light in the visible spectrum. Some of the most
useful materials we discovered were carbon modified TiO, where Pt could
be doped onto the TiO, and the carbon material activated as an electron
acceptor and an electron transporter for highly efficient electron—hole
recombinations. In reactions containing CO, and H,O, the selectivity of
methane over carbon monoxide could be tuned through the addition of
Pt. However, if the carbon material (reduced graphene oxides were used)
were two thick, transmission of light was poor, hindering the reaction.
A conversion of 10.2% was reported for a NiO-In,O3/TiO, catalyst imbed-
ded on a monolithic support. A CO, conversion of 17.8% was reported for
TiO, supported onto a MgAl layered double hydroxide. An extensive
review of CO, photoreduction to useful fuels and chemicals on various
cocatalysts can be found by Li ef al. (161).

13. Future challenges

The conversion of large scale CO5 1s a daunting endeavor. If we just
focus on the large point sources that are emitted from natural gas or coal-
fired electric power generators, chemical manufacturing facilities, and
petroleum refineries, there are many scientific and technological challenges
that must be reconciled. One of those challenges is development of
economical conversion practices of CO, into useful fuels and chemicals.
Photocatalytic conversion is a much lower temperature alternative (i.e.,
potential cost savings) than dry reforming or tri-reforming processes. The
current body of research has focused on the material synthesis of TiO,
photocatalysts. T1O, is readily available and aftordable, and its qualities of
as being photo-active, make it a prime catalyst candidate. However, little
attention has been given toward the robustness of TiO, (undoped, dope,
nanocomposite, etc.) under real reaction conditions. All of the industrial
effluents mentioned above must be captured and cleaned of common impu-
rities, including hydrogen sulfide, sulfur oxides, and nitrogen oxides, prior to
being ready for the photocatalytic conversion. H,S removal technologies
have been reported by Agbroko ef al. and Doan and Benson (162,163),
while the use of molecular basket sorbents for the removal of SO, and
NO, from flue gases have been reported by Wang et al. as well as for the
removal of H,S and CO, by Ma et al. (164,165). These removal processes
will be costly. If the photocatalyst can be designed to incur some level of
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impurities, the overall cost of CO, conversion decreases precipitously.
Therefore, additional computational and experimental work is necessary
to mature the technology.

The other grand challenge for advancing photocatalytic CO, conversion
is the development of the complete catalyst, including catalyst support, and
the needed reactor system for efticient conversions under robust conditions.
While some initial work on imbedding TiO, onto catalyst supports, this area
is lacking in common chemical reaction engineering, such as optimum reac-
tion temperature, space velocities, and heat and mass transport resistance
minimizations. Lastly, the reactor design must be investigated. As illustrated
throughout this work, operating within the visible region ofters direct
sunlight utilization. A solar reactor design would be another step toward
economic viability.
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